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Determining the timing and origin of fluid-related diagenetic events relative to 
orogenesis is crucial for understanding the interaction between orogenesis and 
diagenesis. Two folds in Mississippian carbonates (Line Creek anticline and Mt. Kidd 
anticline/syncline) and one fold in Pennsylvanian-Triassic units (Kent anticline) was 
investigated in the Southern Canadian Cordillera to test for a link between fluid flow, 
hydrocarbon migration/alteration and the formation of a multi-component 
remagnetization.  This issue was investigated using an integrated diagenetic, structural 
and paleomagnetic approach. Geochemical, petrographic and fluid inclusion analysis 
was used to determine the nature of the diagenetic events while combined rock 
magnetic and paleomagnetic analysis was used to determine the magnetic carriers and 
age of  both a high temperature and intermediate temperature chemical remanent 
magnetization (HTCRM and ITCRM, respectively).  The timing of the HTCRM, 
contained in magnetite, is Early Cretaceous (~Aptian) and pre-tilting at Line Creek, 
although is inconclusive at Mt. Kidd due to its syn-tilting nature.  The ITCRM is post 
tilting and Late Tertiary at Mt. Kidd, although is inconclusive at Line Creek due to its 
syn-tilting  result   A bedding parallel vein contact test shows direct correlation to the 
total component magnetic intensity of the HTCRM while a tectonic vein contact test 
shows a correlation to the total component intensity of the ITCRM. Elevated 87Sr /86Sr 
data indicates that the rocks have been altered by radiogenic fluids.  C/O isotopes show 
evidence for a wide range warm fluids which is confirmed by fluid inclusion 
homogenization temperatures (149-212°C).  The geochemical and petrographic results 
are consistent with the interpretation that the HTCRM formed as a result of a regional 
xi 
 
migration of hydrocarbons and/or evolved basinal fluids.  The ITCRM is interpreted to 
be the result of thermal sulfate reduction (TSR), caused by alteration of hydrocarbons, 
based on the observation of multiple by-products of TSR.   
Because of the possibility of structural complications the conventional tilt test 
results where integrated with small circle intersection analysis (SCI) and calcite twin 
strain analysis.  The Line Creek anticline formed during low to moderate burial, low 
deviatoric strain, kink folding, brittle deformation and contained no structural 
complications leading to a reliable age determination. On the other hand the Mt. Kidd 
anticline-syncline pair formed under higher burial temperatures, higher deviatoric strain 
and ductile deformation leading to structural complications affecting the HTCRM.  
These structural complications led to erroneous age determinations and required a 
modification of the HTCRM data set, based on the SCI results.  This modification 
cleared up some deformation related discrepancies allowing for the determination that 
the early syn-tilting remagnetization at Mt. Kidd can be attributed to either strain 
modification or spurious rotations of a pre-tilting HTCRM. The ITCRM is a late syn-
tilting to post tilting Tertiary remagnetization contained in pyrrhotite and has been 





Chapter 1:  Preface 
 
Integrated diagenetic, structural and paleomagnetic studies of remagnetized 
carbonates in fold and thrust belts can provide useful information on the timing of 
diagenetic events relative to orogenesis [e.g., McCabe and Elmore, 1989; Stamatakos et. 
al., 1996;  Enkin et al., 2000; Katz et. al., 2000; Elmore et al., 2001; O’Brien et. al., 
2007]. Multiple diagenetic processes have been shown to produce remagnetizations in 
fold and thrust belts [Elmore, 2001].  These processes may result in the formation of 
chemical remanent magnetizations (CRMs) via clay diagenesis [e.g., Katz et al., 2000], 
maturation/alteration of organic matter [e.g., Banerjee, et al., 1997; Blumstein et al,, 
2004], and/or alteration caused by fluid migration of evolved basinal fluids and/or 
hydrocarbons [e.g., McCabe and Elmore, 1989; Enkin et al., 2000; O’Brien et al., 
2007].  Moderate to high burial temperatures can also lead to the thermal resetting of a 
particular population of magnetic grains resulting in the formation of thermoviscous 
remanent magnetizations (TVRMs) [e.g., Kent, 1985].  Stress reorganization of domain 
walls [e.g., Hudson et al., 1989; Borradaile, 1997] or strain alterations of preexisting 
magnetizations during deformation [e.g., Kodama, 1988; Elmore et al., 2006] have also 
been proposed as remagnetization mechanisms. The objective of this study is to 
combine the results of rock magnetic, paleomagnetic, geochemical, petrographic, and 
strain studies in order to determine the origin and timing of CRMs in folded rocks in the 
Southern Canadian Cordillera.    
Chapter 2 of this study focuses on the detailed rock magnetic characterization of 
a multi-component remagnetization in Mississippian carbonates from the Canadian 




component resides in pyrrhotite. Previous studies in the Canadian Cordillera suggested 
that this intermediate temperature component is a TVRM in multi-domain magnetite 
(e.g., Enkin et al., 2000; Robion et al., 2004).  Based on unblocking temperatures it 
appears that the high temperature component is contained in magnetite and the 
intermediate component is contained in pyrrhotite.  This study utilized a variety of room 
temperature as well as low temperature rock magnetic experiments in order to gain a 
clear picture of the magnetic minerals responsible for each CRM. It is crucial to 
understand which magnetic minerals, as well as their granularity, carry each CRM since 
specific magnetic minerals relate to specific diagenetic events and particular grain sizes 
are susceptible to thermoviscous as well as strain/stress remagnetization. 
Chapter 3 focused on an integrated diagenetic and paleomagnetic analysis in 
order to determine the diagenetic origin and timing of each component observed in the 
Canadian Cordillera. This study utilized standard tilt tests conducted on individual folds 
as well as vein conduit tests to investigate the relationship between folding, fluid 
migration, and the different CRMs.   Geochemical analysis (stable carbon and oxygen 
isotopes and 86Sr/87Sr isotopes), and a variety of petrographic techniques where used to 
investigate the diagenetic features.  Transmitted light and electron microprobe 
microscopy were used to determine lithology, identify diagenetic features and 
investigate the origin of magnetic minerals.  Cathodoluminescence (CL) and fluid 
inclusion microscopy were used to investigate the nature of the vein forming fluids.  
Chapter 4 focused on the origin of multiple syn-tilting remagnetizations found in 
the Canadian Cordillera.  Syn-tilting magnetizations are a class of remagnetizations that 




Hudson et al., 1989; Elmore et al., 2006).  This study investigated syn-tilting 
remagnetizations within asymmetrical folds comprised of Mississippian carbonates 
outlined in the previous chapters.  The influence of fold and ramp geometry as well as 
deformation mechanisms on tilt test results were considered.  This study integrated fold 
kinematic analysis and calcite strain analysis with small circle intersection (SCI) 
analysis [Shipunov, 1997; Waldhöer and Appel, 2006] in order to gain a clearer picture 






























Chapter 2:  Rock magnetic characterization of a multi-component 
remagnetization in Mississippian Carbonates from the Canadian 
Cordillera, SW Alberta and SE British Columbia 
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Detailed paleomagnetic and rock magnetic analysis was conducted on Mississippian 
carbonates from the Canadian Cordillera (SE British Columbia and SW Alberta) to 
determine the dominant remanence carriers of a pervasive multi-component natural 
remanent magnetization, as well as evaluate the accuracy of rock magnetic techniques 
commonly employed to determine magnetic mineralogy.  Paleomagnetic analysis of the 
carbonates reveals that two stable components are present after removal of the modern 
viscous remanent magnetization (VRM; <200°C).  The next component is an 
intermediate temperature component that is removed between 200 and 340°C and is 
interpreted as a chemical remanent magnetization (CRM) carried by pyrrhotite.  The 
characteristic remanent magnetization has a maximum unblocking temperature of 
540°C and is interpreted to be a CRM carried by magnetite. Initial attempts to 
characterize the magnetic carriers using standard isothermal remanent magnetization 
(IRM) acquisition curves revealed that the samples are dominated by low coercivity 
components, but this approach failed to distinguish between pyrrhotite and magnetite. 
Hysteresis loops are wasp-waisted and the ratios of hysteresis parameters are consistent 
with published trendlines for remagnetized samples.  First order reversal curve analysis 




indicate a large concentration of super paramagnetic grains, a suppressed Verwey 
transition, which could be attributed to the unblocking of a range of magnetite grain 
sizes.  In addition these experiments indicate a maximum magnetization between 200-
250 K and a LT magnetic transition at 34 K, both of which are indicative of pyrrhotite. 
Cumulative log Gaussian analysis of IRM data combined with LT data allowed 
characterization of three separate components.  The first component has low coercivity 
and is attributed to multi-domain magnetite that is interpreted to carry the VRM.  The 
second component has moderate coercivities and is attributed to pseudo-single domain 
to single domain magnetite that forms a CRM.  The third component is a moderate to 
high coercivity component attributed to the CRM in single domain pyrrhotite. 
1. Introduction 
 
Paleomagnetic and rock magnetic studies of remagnetized carbonates in fold and 
thrust belts have provided important insight into diagenetic and tectonic events 
associated with orogenesis [e.g., Kent, 1985; McCabe and Elmore, 1989; Stamatakos et. 
al., 1995;  Enkin et al., 2000; Katz et. al., 2000; Elmore et al., 2001; O’Brien et. al., 
2007].  Secondary magnetizations have generally been attributed to multiple processes 
including burial diagenesis [Katz et al., 2000], fluid flow [Enkin et al., 2000], 
maturation of organic matter [Banerjee and Elmore, 1997], high burial temperatures 
[Kent, 1985] and strain/stress [e.g., Hudson et al., 1989; Borradaile, 1997; Elmore et al., 
2006].  One of the central issues regarding secondary magnetizations is proper 
characterization of the magnetic carriers.  Commonly remagnetizations associated with 
fold and thrust belts contain complex multi-component natural remanent magnetizations 




distributions is crucial when attempting to relate magnetizations to depositional or 
diagenetic/tectonic processes, since certain magnetic minerals relate to specific 
diagenetic events.  In most studies characterization is achieved, using a variety of 
paleomagnetic and room temperature rock magnetic experiments.  
Paleomagnetic results obtained from three folds in Mississippian carbonates 
from the Front Range and Foothills of the Canadian Cordillera suggests that a multi-
component NRM is carried by magnetite and pyrrhotite. The purpose of this study is to 
characterize rock magnetically, this multi-component remagnetization in order to 
determine if pyrrhotite is indeed an important remanence carrier. In recent years 
pyrrhotite has been increasingly recognized as an important carrier of a paleomagnetic 
signal [e.g., Dekkers et al., 1989; Rochette et al., 1990; Jackson et al., 1993; Xu et al., 
1998; Horng et al., 1998; Crouzet et al., 2002; Weaver et al., 2002; Gillet and Karlin, 
2004; Font et al., 2006; Preeden et al., 2008].   Pyrrhotite is considered an important 
redox and temperature indicator that can form during diagenesis [Hall, 1986].  Even 
small amounts of pyrrhotite with magnetizations on the order of 10-4 Am2/kg or less 
may contribute to the NRM [Rochette et al., 1990].  One reason that pyrrhotite may 
have been discounted as a dominant remanence carrier in the past is due to the fact 
pyrrhotite and magnetite have overlapping room temperature coercivities.  Another 
possible reason is because pyrrhotite may be interpreted as thermally remagnetized 
magnetite. Pyrrhotite is generally considered to have a maximum unblocking 
temperature of 325°C although temperatures as high as 350°C have been reported 
[Rochette et al., 1990], which may contribute to this misinterpretation. In order to 




temperature and low temperature (LT) experiments in conjunction with detailed 
paleomagnetic analysis to characterize this multi-component NRM. 
2. Previous Rock Magnetic Studies in Fold and Thrust Belts 
The majority of detailed rock magnetic studies of remagnetized Paleozoic 
carbonates have been conducted in the Appalachians [e.g., Kent 1985; Jackson, 1990; 
Saffer and McCabe, 1992; Jackson et al., 1993; McCabe and Channell, 1994; 
Stamatakos et al., 1995; Evans et al., 2000; Elmore et al., 2001; Lewchuk et al., 2002]. 
These studies found a pervasive Pennsylvanian-Permian (Kiaman) chemical remanent 
magnetization (CRM) contained in magnetite and/or hematite. A few of these studies 
also observed a Cenozoic thermoviscous remanent magnetization (TVRM) that was 
determined to reside in multi-domain (MD) magnetite.   
  These studies concluded that “wasp-waisted” hysteresis loops are a common 
feature of remagnetized carbonates and are the result of a bimodal distribution of 
coercivities [e.g., Jackson et al., 1990; Channell and McCabe, 1994; Suk and Halgedhl, 
1996]. This distribution may be explained by a mixture of super paramagnetic (SP), 
single domain (SD), pseudo-single domain (PSD) and/or MD grains of one or more 
magnetic minerals [e.g. Jackson et al., 1993; Roberts et al., 1995; Tauxe et al., 1996].  
Jackson et al. [1990] determined that the less stable coarse-grained PSD/MD grains did 
not contribute significantly to the Kiaman CRM, yet that they did contribute to the 
Cenozoic TVRM, although Jackson et al., [1993] then suggested, based on unblocking 
temperatures, that the Cenozoic TVRM may be carried by pyrrhotite.  Jackson et al. 
[1993] also observed, which has subsequently been observed in other studies from 




Van der Voo, 2002] that Mrs/Ms vs. Hcr/Hc data, follow a power-law distribution when 
plotted on a logarithmic scale.  These ratios have higher average Mrs/Ms values 
compared to curves generated experimentally for various magnetite grain size mixtures 
[Parry, 1982].  This trend from remagnetized carbonates has been considered to be a 
possible “fingerprint” of remagnetized carbonates [Jackson et al., 1992] representing the 
complex variations associated with remagnetized carbonates.   
Several paleomagnetic studies of remagnetized Paleozoic carbonates within the 
Canadian Cordillera have isolated a multi-component NRM [e.g. Lewchuk et al., 1998; 
Enkin et al., 2000; Robion et al., 2004]. Enkin et al. [2000] determined the regional 
extent of remagnetizations throughout the Canadian Rockies and did not focus on 
individual structures, while most other studies focused on drill cores obtained from 
Paleozoic hydrocarbon reservoirs on the western edge of the Western Canada 
Sedimentary Basin (WCSB [ e.g., Lewchuk et al., 1998; Symons et al., 1999; Cioppa et 
al., 2000; 2001; 2003].  These studies investigated the timing of remagnetizations in 
relation to: (1) dolomitization [Lewchuk et al., 1998], (2) fluid flow [Enkin et al., 2000; 
Lewchuk et al., 2000; Cioppa et al., 2000], and (3) hydrocarbon generation [Cioppa and 
Symons, 2000], using room temperature isothermal remanent magnetization (IRM) 
acquisition data in a variety of forms (i.e., IRM acquisition curves, saturation IRM 
crossover plots, tri-axial thermal decay of IRM) [Lowrie, 1990].   In one study, LT 
saturation IRM (LT-SIRM) experiments were used to identify the Verwey transition 
[Cioppa and Symons, 2000]. A widespread dual polarity NRM residing in magnetite 
was interpreted to be present throughout the Canadian Rockies.  The characteristic 




with an intermediate temperature component that was interpreted to be a TVRM that 
also resides in magnetite [e.g., Lewchuk et al., 1998; Enkin et al., 2000; Robion et al., 
2004]. Possible early diagenetic magnetizations were observed only in micritic 
limestones [Cioppa et al., 2001] or anhydrite nodules [Lewchuk et al., 1998]. In most of 
these aforementioned studies, magnetite was considered the dominant carrier of the 
remagnetizations with pyrrhotite being considered a non remanence carrying phase [i.e., 
Lewchuk et al., 1998; Cioppa et al., 2001].  In a study of the Debolt Formation an 
intermediate temperature component, similar within the temperature range of the 
TVRM was observed and appeared to be carried by pyrrhotite or a pyrrhotite/magnetite 
mixture, however, the magnetic carrier was not conclusively identified [Cioppa et al., 
2003]. 
3. Geological/Tectonic Setting 
 
The foreland fold and thrust belt in the Canadian Cordillera is divided into three 
sub units from west to east:  the Main Ranges, the Front Ranges, and the Foothills 
(Figure 1) and is the result of west to east directed horizontal compression due to 
terrane accretion which accommodated up 200 km of horizontal shortening [e.g., Price 
and Mountjoy, 1970; Price, 1981; Fermor and Moffat, 1992].  Contraction in the 
foreland fold and thrust belt was expressed as thin-skinned detachment thrusting and 
folding of Mesoproterozoic to Cretaceous strata over Cretaceous and older strata [e.g., 
Monger and Price, 1979; McMechan and Thompson, 1989; Price, 1994]. Deformation 
was active from the late Jurassic to the Eocene and spanned both the Columbian (Mid 
Jurassic–Late Cretaceous) and Laramide orogenies (Late Cretaceous to Paleocene) with 





Figure 1:  Generalized tectonic map of the Canadian Fold and Thrust belt highlighting 
major tectonic units (Main Ranges, Front Range, and Foothills; Modified from Enkin et 
al., 2000).  Sampling locations, Kananaskis Country (KC), Line Creek (LC) and 






Obduction of terranes onto the North American peri-cratonic terranes began in 
the Late Triassic and continued into the Eocene.  This obduction initiated shortening 
and thickening in the Omencia Belt west of the foreland belt along both east and west 
directed faults resulting in north south oriented folds [Evenchick et al., 2007 and 
references there in].  This led to significant uplift in the Omencia Belt by the Late to 
Middle Jurassic followed by the first appearance of western derived sediments and 
increased subsidence in the foreland belt due to tectonic loading [Poulton et al., 1993].  
Initiation of thrusting in the westernmost portion of the foreland belt began in the Early 
Cretaceous and progressed eastward [Carr and Simony, 2006].  The majority of 
shortening occurred during the Late Cretaceous-to Eocene, during which the major 
thrust motions along the Lewis and McConnell thrust sheets occurred [Price, 1981].  
This effectively doubled the width of the foreland belt, which was followed by cessation 
of contractional deformation which led to exhumation and erosion [Price and Mountjoy, 
1970].   
The folds of interest for this study are in the Front Ranges along Line Creek 
(LC), British Columbia and Kananaskis Country (KC), Alberta (Mt. Kidd) and in the 
western edge of the Foothills along Oldman River (OR), Alberta (Figure 1).  All of the 
folds are asymmetrical with steep (KC and LC) to overturned (OR) front limbs and 
shallow back limbs.  These folds comprise various facies of the Mississippian Rundle 
Group, specifically the Etherington, Mount Head, and Livingstone formations.  These 
units are predominantly platform to basin carbonates deposited within a passive margin 
setting [e.g., Hardebol et al., 2006], have undergone varying degrees of dolomitization, 




At Oldman River the Mount Head and Etherington formations were sampled.  
The Etherington formation is the only non carbonate unit examined, it is grey and black, 
banded quartz sandstone.  The sandstone was cemented with calcite with the dark bands 
containing degraded hydrocarbons.  The Mount Head formation is a series of dark grey 
carbonates comprising two lithologies: crystalline dolomite and dolomicrites.  At 
Kananaskis Country, the undivided Mount Head/Livingstone unit was sampled and is 
comprised of grey to black carbonates made up of a variety of lithologies: pelloidal, 
oolitic and crinodal grainstones, fossiliferous packstones with minor dolomitization, 
dolomitized coarse crystalline limestone, fine to coarse crystalline dolomite, and 
dolomicrites. At Line Creek the Mount Head was sampled along with a few sites in the 
Etherington Formation.  The Etherington samples were light to dark grey limestones 
and dolomites with minor amounts of chert.  The Mount Head formation comprises 
fossiliferous wackstones, oolitic and pelloidal grainstones, dolomicrites, fine crystalline 
dolomite, and dolomitized wackstones.   
4. Methods 
 
Samples for paleomagnetic and rock magnetic analysis were collected with a 
portable gasoline drill and oriented with an inclinometer and Brunton compass.  The 
majority of the sampling was confined to road cuts that provided freshly exposed 
material.  Fifty four sites (~ 8 samples/site) were collected from both limbs at the LC 
anticline (Figure 1) on the property of the Elk Valley Coal Company. Forty three sites 
were collected from a both limbs of a syncline at KC (Figure 1).Thirteen sites were 
collected from the front limb and back limb of an anticline/syncline pair at OR (Figure 




Paleomagnetic samples were marked and cut to standardized lengths (~2.2 cm) 
with an ASC Scientific dual blade saw.  The NRM was measured using a 2G 
Enterprises cryogenic magnetometer with DC SQUIDS in a magnetically shielded 
laboratory. Most samples collected at OR during the first sampling season were 
subjected to a 17 step thermal demagnetization from 100 to 580°C with coarse steps at 
low to intermediate temperatures.  Specimens collected from LC and KC during the 
second and third sampling seasons were subjected to stepwise thermal demagnetization 
using 25 steps with closely spaced steps at  intermediate temperatures. Prior to thermal 
demagnetization, the LC and KC samples and some OR samples were subjected to two 
liquid nitrogen treatments for two hours to remove the unstable remanence in the low 
coercivity MD grains [e.g., Dunlop et al., 1997; Borradaile et al., 2004].  The NRM was 
measured after each liquid nitrogen treatment. Thermal demagnetization was 
accomplished with an ASC Scientific Thermal Specimen Demagnetizer.  
Demagnetization data was plotted on Zijderveld [1967] diagrams using the Super IAPD 
program, which were also used for principal component analysis (PCA) [Kirschvink, 
1980] were used to determine the magnetic components.   
 IRM acquisition/decay experiments were after the NRM had been subjected to 
alternating field (AF) demagnetization from 0 to 100 mT using a 2G Enterprises 
automated degaussing system.  Acquisition of the SIRM was conducted in 25 steps 
from 10 to 2500 mT using an ASC Scientific Impulse Magnetizer.  Finally, the samples 
were subjected to AF demagnetization again and had an IRM imparted along three 
perpendicular directions, 120, 500, and 2500 mT, and were thermally demagnetized for 




Gaussian analysis was performed on an IRM imparted using 25 steps using the IRM-
CLG 1.0 software of Kruiver et al [2001] to investigate the coercivity spectrum within 
individual samples. 
Hysteresis loops were generated using ≤ 2 g samples on a Princeton Scientific 
vibrating sample magnetometer (VSM) model 3900-04 at both the Institute for Rock 
Magnetism at the University of Minnesota as well as at Southern Illinois University, 
Carbondale. Measurements were performed using a vibration amplitude of 1, a 3-5 sec 
averaging time and 1 mT steps up to 500 mT. Hysteresis loops were corrected for either 
paramagnetic or diamagnetic slopes and were then used to determine the coercive force 
(Hc), saturation magnetization (Ms), and saturation remanent magnetization (Mrs), while 
the coercivity of remanence (Hcr) was determined from backfield demagnetization 
experiments.  Due to the weak magnetizations of remagnetized carbonates, Fast Fourier 
Transform analysis was used to smooth noisy hysteresis loops [Jackson et al., 1990].   
First order reversal curves (FORC) were generated to examine variations in the 
coercivity spectrum [Pike et al., 1999; Roberts et al., 2000]. A Princeton Scientific 
VSM at the Institute for Rock Magnetism was used to measure ~ 68 FORCs using an 
averaging time of 1 sec and 5 mT field increments.  A saturation field of 500 mT was 
used along with a Hb range from (-60 to 60 mT) and a Hc range of (0.6 to 150 mT).  
FORC diagrams were produced using the FORCinel program [Harrison and Feinberg, 
2008]. 
Multiple samples underwent a series of low temperature experiments using a 
Quantum Design Magnetic Property Measurement System (MPMS) at the Institute for 




then subjected to progressive cooling to 10 K followed by warming to room 
temperature, all in a zero field.  This experiment is useful to determine LT magnetic 
transitions (i.e., Verwey and 34 K transitions) which are indicative of particular 
magnetic phases.  Recovery of the magnetization during rewarming through a magnetic 
transition provides important grain size information [Dekkers et al., 1989].   The second 
set of experiments involved thermal demagnetization of an IRM imparted at 10 K and 
during warming back to room temperature to examine the contribution of SP grains to 
the bulk rock magnetic properties.  
5. Results  
 
5.1 Paleomagnetic data 
 
 LT treatment prior to thermal demagnetization indicates an overall decrease in 
the NRM intensity for all localities and varies from site to site (5-41% for KC; 10-30% 
for LC; 5-25% for OR), which suggests a variable concentration of MD grains. 
Stepwise thermal demagnetization reveals a multi-component NRM at temperatures 
above those that define the modern VRM (NRM-200°C) in samples from the Front 
Ranges (KC and LC) and a single component NRM at after removal of the modern 
VRM in specimens from the Foothills (OR; Figure 2).  Orthogonal projections 
constructed from the thermal demagnetization data show that each locality has a ChRM 
with a maximum unblocking temperatures between 480-540°C (Figure 2) suggesting 
magnetite.  The ChRM has a northerly declination and steep down inclination in the 
Front Ranges (KC and LC, Figure 2A, B) and  a southerly declination and steep up 
inclination in the Foothills (OR, Figure 2C), similar to what has been reported by others 





Figure 2:  Representative orthogonal projections (Zijderveld diagrams) in geographic 
coordinates for stepwise thermal demagnetization of KC, LC, and OR localities. Open 
circles represent the vertical component (inclination) and the closed circles indicate the 
horizontal component (declination).  The normal polarity ChRM is indicated by circles, 
the reversed polarity intermediate component is indicated by triangles and the modern 





temperature component that has a southerly declination and steep up inclination was 
observed with a maximum unblocking temperature of ~325-340°C (Figure 2A, B) 
which suggests pyrrhotite. The intermediate temperature component was not observed 
in the foothills (OR). 
5.2 Isothermal Remanent Magnetization (IRM) Experiments 
 
The majority of curves generated from the 25-step IRM acquisition experiments 
reached saturation below 500 mT (Figure 3), which suggests that the NRM is controlled 
by a low to intermediate coercivity phase such as magnetite or pyrrhotite.  Many 
samples have a relatively sharp transition to saturation (Figure 3B & C), however, a few 
have a more gradual transition (Figure 3A).   Some specimens were not fully saturated 
at 2.5 T, which suggests the presence of a high coercivity phase such as hematite or 
goethite.  Thermal decay of a tri-axial IRM is dominated by the low coercivity 
component in the majority of the samples with all the curves completely decayed by 
580°C suggesting the presence of magnetite (Figure 3).  In all two of the three locations, 
a minor inflection in the tri-axial decay curves is observed around 320°C, which is 
consistent with the presence of pyrrhotite (Figure 3).  In some sites demagnetization 
was not completed until 680°C, suggesting the presence of hematite. 
Cumulative log Gaussian analysis [Kruiver et al., 2000] was performed on the 
IRM acquisition data to quantitatively examine the coercivity spectrum.  The LC and 
KC samples are similar and require 3 components to fit the raw data (Figure 4A-B; 
Table 1).  The first component is a very low coercivity component which contributed 
less than 10% of the total IRM and had a coercivity of ~17 mT which is in the range of 





Figure 3: Representative Isothermal Remanent Magnetization (IRM) Acquisition and 
tri-axial thermal decay curves for KC, LC and OR localities. A) Shallow limb from Mt. 
Kidd syncline.  B)  Shallow back limb of Line Creek anticline.  C)  Back limb of 







Figure 4: Representative results from cumulative log Gaussian analysis of a 25 step 
IRM acquisition (Kruiver et al., 2000) for KC, LC and OR. A)  Shallow limb from Mt. 
Kidd syncline with 3 components.  B)  Shallow back limb of Line Creek anticline with 











between 50-70% of the IRM and had a coercivity range between 40-52 mT which is in 
the range for magnetite.  The third component is a moderate coercivity component 
which contributed between 20-40% of the total IRM and had a coercivity between 158-
251 mT which overlaps the range for pyrrhotite (Hunt et al., 1995).  Samples from 
Oldman River contained each of the three previous mentioned components, as well as a 
high coercivity component that only contributed ~1.5% to the IRM and has a coercivity 
of ~1.3T which is in the range of either goethite or hematite (Figure 4C; Table 1) 
[Peters and Dekkers, 2003].  The cumulative log Gaussian analysis suggests the 
presence of pyrrhotite even though no definite intermediate component data was 
observed in the thermal demagnetization data at Oldman River.  This type of modeling 
gives a more accurate look into how the coercivities are distributed throughout the 
sample than standard IRM acquisition curves, however, due to the overlap in the 
coercivity data at room temperature [Peters and Dekkers, 2003], the results obtained are 
not conclusive for any one particular magnetic mineral. 
5.3 Hysteresis and FORC Experiments 
In general, all of the hysteresis loops generated were from weak samples, which 
produced moderately noisy loops, requiring smoothing by fast Fourier transform 
[Jackson et al., 1990]. Figure 5 shows representative examples of the raw and filtered 
loops and illustrates the range of loop shapes observed at each locality.  The majority of 
hysteresis loops (50 total) reached saturation below 500 mT (Figure 5) suggesting a 
dominant low to moderate component such as magnetite or   pyrrhotite.  These loops 
also have a wasp-waisted appearance (Figure 5) which is common in remagnetized 





Figure 5: Representative hysteresis loops from all three localities.  Light line is the raw 
data and the dark line is the filtered data. A) KC1-8:  Skinny wasp-waisted loop with a 
large Hcr/Hc ratio indicating a large SP fraction.  B) KC11-6 :  Wasp-waisted loop with 
a high Hcr, possibly an indicator of high concentrations of pyrrhotite.  C) LC6-4:  
Goose-necked loop indicating the presence of an oxidized phase most likely hematite.  
D) LC19-3; Wasp-Waisted loop.  E) OR1-4: Non wasp-waisted loop indicating a 





Channell, 1994; Roberts et al., 1995; Tauxe et al., 1996; Weil and Van der Voo, 
2002].  Some of the loops are narrow and have very high Hcr/Hc ratios (>10) suggesting 
an overwhelming SP content (e.g. Figure 5A) [i.e., Jackson, 1990; Roberts et al., 1995].  
Other samples have Hcr values above 50 mT (Figure 5B) suggesting a large amount of a 
moderate coercivity phase such as pyrrhotite [Dekkers, 1998]. Pyrrhotite is 
magnetically “harder” than magnetite and pure samples as well as samples containing 
large concentrations of SD pyrrhotite commonly have Hcr values higher than 50 mT 
[Dekkers, 1988], although none of the samples displayed squared loops which is has 
been reported for natural pyrrhotite [e.g., Dekkers, 1988]. A few of the loops have a 
more goose neck appearance (Figure 5C), which suggests that they also contain a small 
portion of higher coercivity material such as hematite or goethite [e.g., Tauxe et al., 
1996].   
Plots of Mrs/Ms verses Hc/Hcr on a log-log plot follow the remagnetization 
trendlines proposed by Jackson [1990] for cratonic carbonates and McCabe and 
Channell [1994] for folded limestones from the Craven Basin, Great Britain (Figure 
6A). A log-log plot of Hc versus Mrs/Ms shows distinct groupings between the front 
limb and the back limb of the folds at KC and LC with a spread of values observed for 
OR (Figure 6B). These results suggest a finer grain size in the back limb than in the 
front limb at KC and LC since Hc and Mrs/Ms tend to increase with decreasing grain size 
for both magnetite and pyrrhotite [e.g., Dunlop, 1986; Dekkers, 1988; Suk and 
Halgedahl, 1996]. Another possible reason for this grouping may be related to strain 
enhanced magnetic hardening [e.g., Borradaile, 1991; Jackson et al., 1993; Elmore et 





Figure 6: Log-log plots of Hysteresis properties. A) Log-Log plot of the Mrs/Ms ratio 
vs. the Hcr/Hc ratio  from all field areas.  The three lines plotted on the graphs represent 
the accepted trendlines for samples containing a mixture of grain sizes [Parry, 1982; 
Jackson, 1990; McCabe and Channell, 1994].    B)  Log-Log plot of Hc vs. Mrs/Ms ratio 




thinning either by brittle (LC) or ductile (KC) processes have lower Mrs/Ms and Hc 
values than the shallow back limbs. The results are in direct contrast to what would be 
expected with strain enhanced magnetic hardening. 
FORC experiments were also conducted on selected samples from each fold to 
examine grain size distributions.  Both the KC and LC samples are similar, with a 
smoothing factor of 2.8 and the majority of the magnetic grain population falling near 
the low coercivity peak at around 2 m. This suggests a dominance MD magnetite grains, 
however, there is tail of increasing coercivity observed out to around 70 mT (Figure 7A, 
B).  This observed coercivity range coincides with a mixture of soft components, such 
as a range of magnetite grain sizes or a possible combination of magnetite and 
pyrrhotite.  The Oldman River sample (Figure 7C) shows a similar large population 
around Hc = 2 mT and a tail out to ~70 mT. Broad contours which parallel the Hc = 0 
axis also exist, suggesting MD grains, however, the large smoothing factor (SF = 11) 
required makes any conclusive interpretation of these contours suspect.  
5.4 Low-temperature experiments  
 
   SIRMs imparted at low temperature (~10 K) and warmed to room temperature 
in a zero field as well as in an applied field show a significant drop in intensity between 
10 and 50 K (Figure 8).  This feature is indicative of SP grains [Xu et al., 1998; Katz et 
al., 1998] and the estimation of the SP factor [Hunt et al., 1995] shows a range from 
0.4-0.9 indicating variable SP concentrations. Interestingly though, there is no linear 
correlation between Large Hcr/Hc ratios and the SP factor.  The majority of  the applied 
field curves and zero field curves did not show the characteristic Verwey transition 





Figure 7: First order reversal curves (FORC) diagrams from each of the three localities 
with the smoothing factor (SF) shown on each diagram.  A)  KC10-4: Large 
concentration of low coercivity designated by the low coercivity peak with a spread out 
to ~70 mT.  B) LC5-8  Similar to KC10-4.  C) OR1-4:  Weak noise sample with a high 
smoothing factor, shows similar low coercivity peak but contours only spread out to 




[Özdemir et al., 1993].  The majority of the samples showed similar applied field curves 
and zero field curves (Figure 8B, D), however, a few samples had a applied field curve 
which did not match up with the zero field curves until they were near room 
temperature.  This suggests the presence of an oxidized phases such as hematite 
[Özdemir and Dunlop, 2000].  
The majority of samples cooled to 10 K after they were imparted with a room 
temperature (RT) SIRM, displayed a gradually increasing magnetic intensity until it 
reaches a maximum (Mmax) between 200-250 K which is diagnostic of pyrrhotite [i.e., 
Dekkers et al.,  1989; Rochette et al., 1990].  Interestingly though only a few of the sites 
examined showed the 34 K magnetic transition for pyrrhotite (Figure 8B) [Dekkers et 
al, 1989].  For KC11-8 the cycling of cooling and warming allow for estimation of the 
pyrrhotite grain size [Rochette et al., 1990].  The ratio of heating over cooling at the 34 
K magnetic transition (h/c ratio) (Figure 8B) was 0.98 and the ratio of IRM after and 
before cycling (R) was 0.95.  This suggests that this sample is dominated by ~2 µm 
pyrrhotite grains which are in the SD range. The only sample to not show the Mmax 
between 200 and 250 K was OR1-4 which has an sharp Verwey transition indicating 
magnetite (Figure 8E). The other RTSIRM samples examined showed a more gradual 
or suppressed Verwey transition (Figure 8) suggesting the unblocking of a range of 
magnetite grain sizes with variable coercivities [pers. com. Mike Jackson] or possibly 
oxidation of magnetite [Özdemir et al., 1993].   
6. Discussion 
 Based on the aforementioned, results the remagnetized carbonates from the 





Figure 8: Representative curves generated during low-temperature SIRM experiments.  
A) Room temperature saturation isothermal remanent magnetization (RTSIRM) cooling 
curve showing suppressed Verwey transition and a large drop in the zero field curves 
(ZFC) due to a large SP concentration. B) RTSIRM cooling and warming curves 
showing a suppressed Verwey transition, a Ms peak between 200-250 K and the 34 K 
magnetic transition.  Applied field curves (FC) and ZFC curves similar and show large 
SP concentration. C) RTSIRM cooling and warming curves showing a suppressed 
Verwey transition and a Ms peak between 200-250 K, FC and ZFC do not converge 
until room temperature suggesting the presence of an oxidized phase. D) Similar to 
LC6-4 except the FC and ZFC curves similar suggesting a large SP content but no 
oxidized phase. E) Sharp Verwey transition and no Ms beak between 200-250 K, 
FC/ZFC curves indicate the presence of an oxidized phase as well as a Verwey 
transition. F) Suppressed Verwey transition and Ms max between 200-250 K with a 





variable grain size distributions, even within a single locality.  It is therefore necessary 
to perform a wide range of paleomagnetic and rock magnetic experiments in order to 
properly characterize the magnetic mineralogy. 
6.1 Paleomagnetic/rock magnetic characterization of remanence carriers 
By examining the orthogonal projections from stepwise thermal 
demagnetization, the KC and LC samples contain two components after removal of the 
modern VRM (Figure 2A, B).  The ChRM is steep and of normal polarity with a 
maximum unblocking temperature between 500-540°C. This range suggests magnetite. 
The NRM drop due to liquid nitrogen removal of MD magnetite remanence does not 
significantly alter the ChRM directions. This suggests that the MD grains contribute to 
the modern VRM whereas PSD-SD magnetite controls the ChRM.  The fact that the 
ChRM is steep even after structural correction indicates that this magnetization is 
secondary, since these carbonates formed near the equator a primary Mississippian 
magnetization should have a shallow inclination.  This ChRM in magnetite has been 
observed in other studies throughout the Canadian Rockies and is considered to be the 
result of diagenetic processes associated with an eastward migrating diagenetic front 
ahead of Late Cretaceous thrusting [Lewchuk et al., 1998; Symons et al., 1999; Enkin et 
al., 2000; Cioppa et al., 2003; Robion et al., 2004].   The second, reversed intermediate 
temperature component has a maximum unblocking temperature of 310-340 °C.  The 
remanence carrier for this component is not as clear as for the ChRM and may be 
interpreted in one of two ways: (1) It could be a TVRM contained in magnetite as has 
been proposed in previous studies (e.g., Enkin et al., 2000; Robion et al., 2004). (2) Or 




resides in magnetite.  No definite intermediate temperature component is observed, 
although a small bend in the data suggest that the intermediate temperature component 
may be present.  This is supported by the fact that Log Gaussian analysis shows that the 
moderate coercivity component, which is interpreted to be pyrrhotite is present along 
with the Mmax between 200 and 250 K. When a magnetite and a pyrrhotite component 
are of the same polarity it may be difficult to separate the components.  This may be 
why this intermediate temperature component is not observed throughout the Canadian 
Rockies. No evidence for a high coercivity phase such as hematite or goethite is 
observed in the thermal demagnetization data. Based on unblocking temperatures alone 
it is not possible to conclusively determine the carrier of the intermediate temperature 
component and in order to address this issue it is important to combine the results of 
multiple rock magnetic experiments with the unblocking temperature spectrum.   
Log Gaussian analysis of the IRM acquisition data shows that the IRM is 
controlled by a mixture of primarily three components. The majority of the IRM is 
contained in the low coercivity component in the range of PSD-SD magnetite where as 
the remaining two components fall in the range of pyrrhotite and MD magnetite.  FORC 
analysis also shows that the samples contain a wide distribution of coercivities from 2-
70 mT.  Both of these methods are useful to quantitatively show how the various 
coercivities contribute to lab induced magnetizations, but due to the range of 
coercivities for a particular mineral at room temperature [Peters and Dekkers, 2003], it 
makes it difficult to say for certain that the range of coercivities observed are due to one 
specific mineralogy or grain size and require other rock magnetic experiments to 




mineralogy is magnetite, however, there are small inflections near 325 °C, which 
coincides with the unblocking temperature of the intermediate temperature component 
suggesting pyrrhotite. 
  Room temperature SIRM cooling experiments show Mmax between 200 and 250 
K in the majority of samples investigated, a feature indicative of pyrrhotite. Only a few 
sites showed the 34 K magnetic transition for pyrrhotite. The amount of recovery was 
95% during the complete cooling and warming cycles indicating ~2 µm SD pyrrhotite 
grains which would have a coercivity range which corresponds to the moderate 
coercivity component.  The lack of a 34 K magnetic transition is not uncommon and 
may suggest that in these samples the amount of pyrrhotite is negligible when compared 
to magnetite [Rochette et al., 1990; Jackson et al., 1993]. Discrimination between 
hexagonal and monoclinic pyrrhotite can be detected by the  γ-transition (Tγ = 200-
220°C) in hexagonal pyrrhotite as it converts from antiferromagnetic to ferrimagnetic 
[Rochette et al., 1990]  or  by a susceptibility increase after quenching from a 
temperature above the Tγ [Rochette, 1987a], however, this is not possible in these 
weakly remagnetized rocks because paramagnetic, diamagnetic and ferrimagnetic (i.e., 
magnetite) contributions strongly influence susceptibility and induced  magnetization 
[Rochette, 1987b] and the only pertinent measurable magnetization is the remanence.  
Because of this and the range of unblocking temperatures observed (310-350°C) it is 
probable that both forms exist in variable amounts within these samples. 
  Other minerals beside pyrrhotite, which can unblock below 350°C, such as 
some titanomagnetites, maghemite [Lowrie, 1990] or greigite [Roberts, 1995] can be 




34 K magnetic transition. Siderite which is antiferromagnetic at low temperatures and 
shows a large Ms drop between 20 and 40 K [Housen et al., 1996], can lead to 
misidentification of pyrrhotite [e.g., Horng and Roberts, 2006].  Since the majority of 
samples examined displayed the Mmax between 200-250K and siderite has not been 
observed in any thin sections examined, it can be discounted. Also observed during 
these experiments were suppressed Verwey transitions suggesting the unblocking of a 
wide range of magnetite grain sizes (MD-SD) which is supported by the cumulative log 
Gaussian analysis and FORC results.  The oxidation of magnetite, however, cannot be 
completely disregarded as an explanation for the suppressed Verwey transition 
[Özdemir et al., 1993].    
Based on unblocking temperatures and various rock magnetic experiments the 
primary remanence carrying components can be summarized as follows: (1) the modern 
VRM is controlled by very low coercivity MD magnetite (2) The intermediate 
temperature component is controlled by moderate coercivity SD pyrrhotite which is in 
contrast to previous work and (3) The high temperature ChRM is controlled by low 
coercivity PSD-SD magnetite. 
6.2 Hysteresis data as a remagnetization “Fingerprint” 
 Based on the previously described rock magnetic experiments these 
remagnetized carbonates are dominated by a mixture of SD pyrrhotite as well as SP-
MD magnetite, which greatly affect the hysteresis properties. Squared hysteresis loops 
generally indicate SD pyrrhotite [e.g., Dekkers, 1988], yet this feature is not observed in 
any of the loops generated and most likely relates to this complex mixture of magnetic 




show the 34 K magnetic transition are greater than 50 mT.  Such high coercivities in 
remagnetized carbonates with complex mixtures of magnetic minerals may be 
indicative of high concentrations of pyrrhotite, since samples which contain pyrrhotite 
but no 34 K magnetic transition, tend to have Hcr values below 35 mT.  This feature 
may provide a useful way of determining high concentrations of pyrrhotite in 
remagnetized carbonates using basic room temperature hysteresis loops, since it is often 
difficult to separate pyrrhotite from magnetite due to overlapping room temperature 
coercivities. Experiments run on a variety of natural pyrrhotite have shown that Hc 
values tend to be close to Hcr values, unless magnetite is also present in the sample 
which will reduce Hc [Dekkers, 1988].  This is the case with our samples suggesting a 
pyrrhotite-magnetite mixture, although Hc is considerably lower (2.8 to 7.187 mT) 
which is most likely due to large concentrations of SP grains.    
Another feature of these remagnetized Paleozoic carbonates is that the ratio of 
high field properties follows the remagnetization trendline proposed by previous 
workers [e.g., Jackson 1990].  This data supports the assertion that this trendline is 
indeed a “fingerprint” for remagnetized Paleozoic carbonates.  This trend appears to be 
independent of location since it has been observed in multiple thrust belts and 
continents [e.g. Jackson, 1990; McCabe and Channell, 1994; Weil and Van der Voo, 
2002; Zegers et al., 2003; Elmore et al., 2006].  Weil and Van der Voo [2002] found 
that whole rock hysteresis data from Paleozoic carbonates from Spain plotted along the 
trendline whereas extracts from the same samples did not.  They attributed this to the 
loss of SP grains during the decanting process.  Since all of the samples examined in 




carbonates seems to represent the mixture of SP grains with various magnetic 
mineralogies and grain sizes, which are common in remagnetized carbonates.  
Unfortunately even though this “fingerprint” may indicate remagnetization due to 
diagenesis it does not allow for complete separation of mineralogical variations in 
complex multi-component remagnetizations. 
A graph of Mrs/Ms versus Hcr, which is commonly used to show grain size 
variations [e.g., Dunlop, 1986; Dekkers, 1988; Suk and Halgedahl, 1996] and to infer 
strain enhanced magnetic hardening [e.g., Borradaile, 1991; Jackson et al., 1993; 
Elmore et al., 2006] suggests three possibilities.  The first possibility is that the back 
limbs have finer magnetic grain sizes than the front limbs, however, a pervasive 
remagnetization event would not be expected to affect limbs differently and would be 
expected to follow a more spread out trend as is observed in the OR data. The second 
possibility is that the back limbs have been subject to greater strain enhance magnetic 
hardening than the front limbs which is in contrast to the observed amounts of 
macroscopic deformation observed in the field. A third possibility, which is more 
probable, is that the presence of large variations of pyrrhotite and magnetite in these 
samples leads to distortion of the hysteresis data making this test unusable.  This 
observation again highlights the need for proper characterization of magnetic 
mineralogy in remagnetized carbonates. 
6.3 Significance of non remanence carrying components 
 The variety of rock magnetic experiments conducted show that non remanence 
carrying magnetic grains may also contribute to the bulk rock magnetic properties of 




Hcr/Hc ratios. This suggests that SP grains constitute more than half of the total amount 
of magnetite in a particular sample [e.g., Jackson et al., 1993].  The presence of a 
variable concentration of SP grains (SP factor 0.3-0.75) is observed applied field curves 
and zero field curves experiments by a large drop in intensity below 50 K [Hunt et al., 
1995]. The presence of a variable concentration of SP grains  appears to be a hallmark 
of the chemical processes which produce remagnetization regardless of geographic 
location as suggested by other authors [e.g., Jackson, 1990; Suk and Halgedahl, 1996;  
Weil and Van der Voo, 2002].   No linear trend is observed between the Hcr/Hc ratios 
and the SP factor for a given sample. This indicates that even though all the samples 
have high concentrations of SP grains the complex mixing of magnetic minerals and 
grain sizes may overshadow this concentration during room temperature experiments. 
SP grains add to the complexity of characterizing remagnetized carbonates, however, 
are not important for characterizing the NRM.  
 The presence of high coercivity oxidized phases is also observed in multiple 
rock magnetic experiments.  Their presence is shown by goose necked hysteresis loops,  
and divergence of the applied field and zero field curves which do not merge until near 
room temperature, tri-axial decay curves that do not fully demagnetize until 680°C and 
cumulative log Gaussian analysis which display a high coercivity component (~1.3T), 
that only contributes <10% of the total IRM.  Thermal demagnetization of the NRM, 
however, shows no indications of a high coercivity phase such as hematite or goethite 
so these oxidized phases are considered to be late stage non-remanence carrying 
weathering products as observed in other studies [e.g., Blumstein et al., 2004; O’Brien 




of the bulk rock magnetic properties of a given sample but are of little importance to the 
paleomagnetic component analysis. 
6.4  Evaluation of  IRM Acquisition data 
 The use of IRM acquisition curves have been routinely used to determine 
magnetic mineralogy in rock magnetic and paleomagnetic studies. However, due to the 
complex grain size and mineralogical variations common to remagnetized carbonates, 
these curves do not accurately display these variations.  The IRM acquisition curves 
show that saturation is achieved below 500 mT (Figure 3). This allows one to conclude 
that saturation is controlled by a low coercivity phase such as magnetite or pyrrhotite. 
The LC and OR samples have relatively sharp transitions to saturation, and their curves 
are similar to theoretical curves generated for MD magnetite (Figure 3B). The KC 
sample on the other hand shows a much more subdued transition suggesting a gradual 
saturation.  The curve shape is similar to PSD-SD magnetite, however, it may also be 
due to pyrrhotite [Lewchuk et al., 1998; Figure 3A]. Because of this apparent 
complexity in the mixture of coercivities, standard IRM acquisition curves do not allow 
separation of coercivities with similar and overlapping coercivity spectrums. This 
experiment tends to be more qualitative than quantitative and is not sufficient to fully 
characterize remagnetized carbonates. 
7. Conclusions 
 Based on a combination of paleomagnetic and rock magnetic experiments it is 
clear that the remagnetized Mississippian Carbonates from the Canadian Rockies 
contain a complex and at times highly variable mixture of magnetic mineralogies and 




forward characterization difficult and at times inconclusive.  The results of this study 
suggest that determination of the remanence carriers in multi-component NRMs 
requires low temperature experiments combined with thermal demagnetization and 
advanced rock magnetic techniques such as FORC analysis and cumulative log 
Gaussian analysis. 
 The specific conclusions are:  
1) Based on a combination of thermal demagnetization, Log Gaussian analysis and 
low temperature experiments these samples contain up to three distinct 
components: 1) a modern VRM unblocks below 200°C and resides in MD 
magnetite 2) an intermediate temperature component unblocks between 310 and 
325°C and is carried by SD pyrrhotite 3) a high temperature component with a 
maximum unblocking temperature of 540°C is carried by PSD-SD magnetite. 
The reversed polarity pyrrhotite component is only observed in rock magnetic 
experiments at Oldman River, possibly because the high temperature component 
is also reversed in the Foothills making separation of the two components 
difficult. 
2) Due to the variable of grain size and mineralogies, IRM acquisition curves do 
not sufficiently separate coercivity variations in remagnetized carbonates.  Log 
Gaussian analysis and FORC analysis offers the most quantitative look at the 
coercivity distribution in a particular sample, however, due to the wide range of 
coercivities for a given magnetic mineral at room temperature low temperature 




3) A large portion of SP magnetite as well as high coercivity oxidized phases 
(hematite or goethite) are found in various amounts in these samples.  These 
grains can have a strong influence on the bulk rock magnetic properties but do 
not affect the NRM of these remagnetized carbonates. 
4) The coercivity (Hcr) obtained from high field experiments most likely represents 
an average of the various grain sizes and mineralogies present in a sample. A 
large concentration of pyrrhotite appears to increase Hcr above 50 mT.  This may 
represent a diagnostic feature of large concentrations of pyrrhotite in a sample 
the same way that high Hcr/Hc ratios represent large concentrations of SP grains. 
5)  The ratio of Mrs/Ms plotted against Hc/Hcr on a log-log plot show that the data 
from Paleozoic carbonates in the Canadian Rockies follows the established trend 
of remagnetized carbonates.  The presence of large quantities of SP grains seems 
to be the main cause of the data following this particular trend. Also having 
variable concentrations of pyrrhotite does have an effect on hysteresis properties 
and may cause inaccurate determination of features such as grain size 
determination and/or strain enhanced magnetic hardening. 
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Determining the timing and origin of fluid-related diagenetic events relative to 
orogenesis is crucial for understanding the interaction between thin skinned tectonics 
and diagenesis. In order to investigate this issue a combination of geochemical, 
petrographic and fluid inclusion analysis is needed to determine the nature of various 
diagenetic events and then paleomagnetic analysis can be used to date chemical 
remanent magnetizations (CRM’s) formed by these events.  Two folds in Mississippian 
carbonates and one fold in Pennsylvanian and Triassic carbonates and siliclastics have 
been investigated in the Front Range of the Southern Canadian Cordillera in order to 
test for a link between fluid flow, hydrocarbon migration/alteration and a  the formation 
of a multi-component remagnetization.  The characteristic remanent magnetization 
(ChRM) is contained in magnetite and is pre-tilting to early syntilting and was acquired 
in the Early to Late Cretaceous. An intermediate temperature component is a late 
syntilting to post tilting Tertiary age remagnetization contained in pyrrhotite.  Both 
components are pervasive within both limestones and dolostones and are interpreted as 
CRMs. A Paleomagnetic vein contact test conducted on bedding parallel veins shows 
direct correlation to the magnetite component where as tectonic veins show a 




rocks have been altered by fluids with a radiogenic signature.   C/O isotopes of calcite 
veins show a wide range of light δ18O over a narrow range of δ13C, suggesting 
formation due to a wide range of warm fluids.  This interpretation is confirmed by fluid 
inclusion homogenization temperatures . The geochemical results are consistent with 
the interpretation that the magnetite CRM formed as a result of the migration of 
hydrocarbons and/or evolved basinal fluids into the unit. The timing of remagnetization 
relative to folding suggesting acquisition due to fluid migration ahead of the 
deformation front.  The pyrrhotite component is interpreted to be the result of thermal 
sulfate reduction (TSR), caused by warm fluids moving into the carbonates along faults 
and fractures.  This is based on the observation of sulfur enriched bitumen, barite and 
sphalerite which are common by-products of TSR.  
 1. Introduction 
Paleomagnetic studies of remagnetized carbonates in fold and thrust belts can 
provide useful information on the timing of diagenetic events relative to orogenesis 
[e.g., Kent, 1985; McCabe and Elmore, 1989; Stamatakos et. al., 1995;  Enkin et al., 
2000; Katz et. al., 2000; Elmore et al., 2001; O’Brien et. al., 2007].  Diagenesis and 
tectonism are fundamentally separate geological processes, however, in terms of fold 
and thrust belts these processes are inherently linked.  During orogenesis tectonic 
stacking of thrust sheets along with uplift and erosion increases burial in foreland basins 
which leads to increased burial temperatures. Increased burial temperatures can cause 
the acquisition of chemical remanent magnetizations (CRMs) through clay diagenesis 
[Katz et al., 2000] and maturation of organic matter [Banerjee, et al., 1997]. 




resetting of magnetizations due to moderate to high burial temperatures [e.g., Kent, 
1985]. Orogenic processes also cause fluid migration events either by gravitational 
recharge [e.g., Ge and Garvin, 1994] or tectonically induced fluid flow [Oliver, 1986; 
Mache and Cavell, 1999].  Diagenetic alteration caused by fluid migration events are 
commonly cited as forming authigenic magnetic minerals and acquisition of  CRMs in 
fold and thrust belts [e.g., McCabe and Elmore, 1989; Enkin et al., 2000; O’Brien et al., 
2007].  Stress reorganization of domain walls [e.g., Hudson et al., 1989; Borradaile, 
1997] or strain alteration of preexisting magnetizations during deformation [e.g., 
Kodama, 1988; Elmore et al., 2006] have also been proposed as remagnetization 
mechanisms.   
The purpose of this study is to combine the results of detailed rock magnetic 
characterization [Chapter 1] with the results of paleomagnetic, geochemical and 
petrographic studies in order to determine the origin and timing of both the ChRM and 
an intermediate temperature component that are common throughout the Canadian 
Cordillera.   Paleomagnetic analysis utilized tilt tests on individual folds and vein 
conduit tests to investigate the relationship between folding, fluid migration, and 
multiple remagnetization events.  Geochemical analysis (stable Carbon and Oxygen 
isotopes and 86Sr/87Sr isotopes),  and a variety of petrographic techniques where used to 
investigate the diagenetic features. Transmitted light and electron microprobe 
microscopy was used to determine lithology, identify diagenetic features and investigate 
the origin of magnetic minerals. Cathodoluminescence (CL) and fluid inclusion 
microscopy was used to investigate the nature of the vein forming fluids.  





 The foreland fold and thrust belt in the Canadian Cordillera is divided into three 
sub units from west to east:  The Main Ranges, the Front Ranges, and the Foothills 
(Figure 1) and is the result of west to east directed horizontal compression due to 
terrane accretion which  accommodated up to 200 km of horizontal shortening [e.g., 
Price and Mountjoy, 1970; Price, 1981; Fermor and Moffat, 1992].  Contraction in the 
foreland fold and thrust belt was expressed as thin-skinned detachment thrusting and 
folding of Mesoproterozoic to Cretaceous strata over Cretaceous and older strata [e.g. 
Monger and Price, 1979; McMechan and Thompson, 1989; Price, 1994]. Deformation 
was active from the late Jurassic to the Eocene overlapping both the Columbian (Mid 
Jurassic–Late Cretaceous) and Laramide orogenies (Late Cretaceous to Paleocene) with 
most of the shortening occurring in the Late-Cretaceous (~89M)  [Price, 1994]. 
Obduction of exotic terranes onto the North American pericratonic terranes 
began in the Late Triassic and continued into the Eocene which initiated shortening and 
thickening in the Omencia Belt west of the Foreland belt along both east and west 
directed faults and folds [Evenchick et al., 2007 and references there in].  This led to 
significant uplift in the Omencia Belt by the Late Middle Jurassic and the first 
appearance of western derived sediments and increased subsidence in the foreland belt 
due to tectonic loading [Poulton et al., 1993].  Initiation of thrusting in the western most 
portion of the foreland belt began in the Early Cretaceous and progressed eastward 
[Carr and Simony, 2006].  The majority of shortening occurred during the Late 
Cretaceous-to Eocene, with the major motions along the Lewis and McConnell thrust 






Figure 1:  Generalized tectonic map of the Canadian Fold and Thrust belt highlighting 
major tectonic units and thrusts (Modified from Enkin et al., 2000).  Sampling 
locations, Mt. Kidd anticline-syncline (KC), Line Creek anticline (LC) and Kent 





This was followed by cessation of contractional deformation which led to exhumation 
and erosion [Price and Mountjoy, 1970].   
The folds of interest in this study are located within the eastern Front Ranges of 
the Southern Canadian Cordillera. In SW Alberta two folds were sampled within 
Kananaskis Country Provincial Park (KC & SPR; Figure 1). In SE British Columbia a 
fold was sampled within the Lewis thrust sheet along Line Creek on the property of 
Teck Coal (LC; Figure 1).  In Kananaskis Country the first fold sampled was Mt. Kidd, 
located along both Kananaskis Road (HWY-40) and Spray Lakes Road (Figure 2A & 
B). This structure which is contained in the Rundle Trust Sheet is a plunging 
asymmetrical anticline-syncline pair (Plunge, Trend of fold axis:  S14, 182 and S17, 
178 respectively) within the Mississippian Banff, Livingstone, Mount Head and 
Etherington Formations (Rundle Group; Figure 2A & B) [McMechan, 1995], The tight 
folding observed is accommodated by flexural slip, brittle fracturing and ductile 
thinning in the steep east dipping limb and ductile thickening within the nose (Figure 
3A).  Kent Anticline was the second fold sampled is in Kananaskis country and is 
contained within the Sulphur Mountain thrust sheet [McMechan, 1995].  The structure 
is comprised of the Pennsylvanian Misty and Kananaskis Formations (Pennsylvanian-
Permian Rocky Mountain Group) and Triassic Sulphur Mountain Formation [Norris, 
1965] along the Smith-Dorrian Trail (Figure 2C). This structure is a plunging 
asymmetrical anticline (Figure 2C; Plunge, Trend of fold axis: S14, 166) with a west 
dipping  shallow back limb (Figure 3C) and steep east dipping front limb (Figure 3D).  
At Line Creek the fold sampled was an asymmetrical upright fold (Fold Axis: 2, 169) 





Figure 2:  Geological maps of structures sampled.  Black dots indicate major outcrops sampled.  
A) Mt. Kidd syncline, Kananaskis Country, AB (modified from McMechan, 1995).  Qd = 
Quaternary alluvium; PPrRM-MzU = Pennsylvanian-Permian Rocky Mountain Group-Mezezoic 
undivided; MET = Mississippian Etherington Fms., MMH-U = Mississippian Mount Head Upper 
part, MLM = Mississippian Livingstone-Mount Head upper part undivided, DMEB = upper 
Devonian Exshaw-Lower Mississippian Banff undivided, DU = Devonian undivided.  B) Back 
limb of Mt. Kidd anticline (modified from McMechan, 1995). MET = Mississippian Etherington 
Fms., MMH-U = Mississippian Mount Head Upper part, MLM = Mississippian Livingstone-Mount 
Head upper part undivided, DMEB = upper Devonian Exshaw-Lower Mississippian Banff 
undivided, DU = Devonian undivided.  C) Kent Anticline, Kananaskis Country, AB (modified 
from McMechan, 1995).  JF = Jurassic Fernie Fms., TWH = Triassic White Horse Fms., TSM = 
Triassic Sulphar Mountian Fms., PPrRM = Pennsylvanian-Permian Rocky Mountain Group; MET 
= Mississippian Etherington Fms., DU = Devonian undivided.  D)  Line Creek Anticline, BC 
(modified from Price et al., 1992). JF = Jurassic Fernie Fms., TSM = Triassic Sulphar Mountian 
Fms., PPrRM = Pennsylvanian-Permian Rocky Mountain Group; MET = Mississippian 
Etherington Fms.,MMH = Mount Head Undivided;  MMH-U = Mississippian Mount Head upper 





Figure 3:  Field photos of structures sampled.  A) Mt. Kidd anticline-syncline pair.  B) 
West dipping back limb of Mt. Kidd anticline.  C) Line Creek anticline.  D) Kink 
folding in hinge zone of Line Creek anticline.  E) Shallow back limb of Kent anticline.  






Group; Figure 2D) [Price et al.,  1992].  The structure is characterized by a shallow west 
dipping back limb a broad crest and steep west dipping front limb with deformation 
being accommodated by flexural slip, kink folding and brittle fracturing (Figure 3E & 
F). 
 The Mississippian Rundle Group and the Permian Rocky Mountain Group are 
considered to be predominantly platform to basin carbonates deposited within a passive 
margin setting [e.g. Hardebol et al., 2006]. Multiple workers have proposed that these 
carbonates were actually deposited in a foreland basin setting relating during the Late 
Devonian-Early Mississippian Antler Orogeny [e.g., Root, 2001 and references therein].  
The Triassic units are considered to record the transition from Paleozoic carbonate 
dominated facies to the Jurassic-Cretaceous siliclastic dominated facies during the 
formation of the Laramide foreland basin [e.g., Davies, 1997].  The Triassic  Sulphur 
Mountain Formation is considered to have formed in the continental margin-shoreline 
sag basin [Edwards et al., 1994] in between the North American margin and volcanic 
island arcs to the west [Ross et al., 1997].   
Since deposition the Mississippian carbonates have undergone various 
diagenetic alterations creating a complex paragenetic sequence which involves early 
matrix dolomitization due to both marine pore waters and meteoric dominated systems 
[Al-Aasm, 2000].  This was followed by pervasive meso-dolomite recrystallization 
from both meteoric and hydrothermal fluids during burial [Al-Aasm, 2000] and very 
late formation of vug rimming saddle dolomites and sulfide mineralization.  
Hydrocarbon generation and migration is believed to have occurred within the 




Front Ranges [Kalkreuth and McMechan, 1988] prior to Laramide burial and  during 
the Late Cretaceous-Eocene time in the Western Canada Sedimentary Basin [e.g. 
Hitchon. 1984; Bustin, 1991]. Hydrocarbon emplacement was then followed by Thermo 
Sulphate Reduction (TSR) of the hydrocarbons, creating extensive sour gas reservoirs 
throughout the Canadian Cordillera and Western Canada Sedimentary Basin (WCSB) 
[Orr, 1974; Machel, 1987; Machel et al., 1995; Roure et al., 2005; Vandeginste et al., 
2009].  
3. Previous Paleomagnetic and Rock Magnetic Studies in the Canadian 
Cordillera 
 
Paleomagnetic and rock magnetic results obtained from Mississippian 
carbonates at Line Creek anticline and Mt. Kidd anticline-syncline suggests the 
presence of a multi-component natural remanent magnetization (NRM) carried by 
magnetite and pyrrhotite [Chapter 2]. Several paleomagnetic studies conducted on 
remagnetized Paleozoic carbonates within the Canadian Cordillera also isolated a 
similar multi-component NRM [e.g. Lewchuk et al., 1998; Enkin et al., 2000; Robion et 
al., 2004].   Enkin et al. [2000] focused on determining the regional extent of 
remagnetizations throughout the Canadian Rockies and did not focus in detail on 
individual structures.  Most of the other studies focused on drill cores obtained from 
Paleozoic hydrocarbon reservoirs on the western edge of the Western Canada 
Sedimentary Basin [WCSB, e.g., Lewchuk et al., 1998; Symons et al., 1999; Cioppa et 
al., 2000; 2001; 2003].  The purpose of these studies were to investigate whether the 
timing of remagnetizations could be related to: (1) dolomitization [Lewchuk et al., 
1998; Roure et al., 2005], (2) fluid flow [Enkin et al., 2000; Lewchuk et al., 2000; 




of these studies concluded that a widespread multi-component remagnetization was 
present throughout the Canadian Rockies.  The characteristic remanent magnetization 
(ChRM) was determined to be a CRM contained in magnetite with an intermediate 
temperature component interpreted to be a TVRM also residing in magnetite [e.g., 
Lewchuk et al., 1998; Enkin et al., 2000; Robion et al., 2004]. In most of these studies 
pyrrhotite was not considered to carry a remanence [i.e., Lewchuk et al., 1998; Cioppa 
et al., 2001], although one study of the Debolt Formation interpreted an intermediate 
component, similar to the TVRM, to be carried by pyrrhotite or a pyrrhotite/magnetite 
mixture.  The carrier of the component was not conclusively identified [Cioppa et al., 
2003]. 
4. Methodology 
Samples for paleomagnetic and rock magnetic analysis were collected  from 
three localities in the Front Ranges (Figure 1) within the Mississippian Etherington, 
Mount Head, Livingstone and Banff formations as well as the Pennsylvanian-Permian 
Rocky Mountain Super Group and Triassic Sulphur Mountain Formation.  Cores were 
collected with a portable gasoline drill and oriented with an inclinometer and Brunton 
compass.  Forty-three sites were collected from the anticline-syncline pair within the 
Mississippian carbonates in Kananaskis Country Provincial Park, AB (Figure 1).  
Thirty-six of those sites were drilled in the syncline along Kananaskis Road (Figure 2A) 
and 7 sites were drilled on the west dipping limb of the anticline along Spray Lakes 
Reservoir on the Western edge of the park (Figure 2B).  Sampling was primarily 
confined to the syncline due to the structural coherence of the exposures. Also within 




Road/Smith Dorrian Trail within Permian-Triassic units (Figure 2C).  Fifty-six sites 
were collected in Mississippian Carbonates within the asymmetrical anticline from an 
almost continuous exposure of outcrops along Line Creek, BC (Figure 1) on the 
property of The Teck Coal Company (Formerly Elk Valley Coal Company; Figure 2D).   
Two vein conduit tests were also conducted in order to investigate the 
relationship between vein forming fluids and remagnetizations. At KC a 95 cm long 
traverse was conducted across three ~2.0 cm thick bedding parallel veins.  At LC no 
definitive large scale isolated veins were observed so a modified version of the test was 
conducted.  This test was performed by comparing the results from sites drilled within 
beds devoid of veins with a site collected from a bed containing intense thin veining.  
Both of the sites came from the same outcrop and were only a few meters apart.  
Paleomagnetic samples were marked and cut to standardized lengths (~2.2 cm) 
with an ASC Scientific dual blade saw.  Natural Remanent Magnetizations (NRMs) 
were measured using a 2G-Enterprises cryogenic magnetometer with DC squids in the 
shielded paleomagnetic lab at the University of Oklahoma.  Prior to thermal 
demagnetization the samples were submerged in liquid nitrogen twice for two hours and 
warmed to room temperature in a zero field to remove the unstable remanence from 
Multi-Domain (MD) grains [Dunlop and Argyle, 1991].  The NRM was measured again 
after each treatment. Cores were then subjected to stepwise thermal demagnetization in 
22 steps from 100 to 580°C using an ASC scientific Thermal Specimen Demagnetizer. 
Demagnetization data was plotted on Zijderveld (1967) diagrams using the 
Super IAPD program, which was also used for Principal Component Analysis [PCA, 




Fisher (1953) statistics in Super IAPD.   The optimal clustering (OC) tilt test [Watson 
and Enkin, 1993] and the direction-correction (DC) tilt test [Enkin, 2003] were 
performed using the PMGSC version 4.2 software program [Enkin, 2004].  Prior to 
conducting the tilt tests the plunges of the KC and SPR folds were removed.  This was 
accomplished by considering that the site mean vector data as a line on the surface of a 
particular bed.  Then following a modified version of the method of tracking a line 
during the unfolding of a plunging fold as outlined in Marshak and Mitra (1988; 
Method 6-14 pg 119-120).   The plunge of the fold was removed and the orientation of 
the site mean vector on a bed which is unfolding around a particular fold axis could be 
determined. Paleopoles as well as their errors where calculated using the PMGSC 
version 4.2 software program [Enkin, 2004].  The poles were plotted on the Mesozoic 
portion of the apparent polar wander path (APWP) for North America [Besse and 
Courtillot, 2002] in order to determine the age of the magnetizations.  
 In order to investigate the magnetic mineralogy Isothermal Remanent 
Magnetization (IRM) acquisition was performed first by AF demagnetizing samples at 
120 mT using a 2G Automated Degaussing System.  The specimens were then 
subjected to a 26 step IRM acquisition up to 2500 mT using an ASC Scientific Impulse 
Magnetometer.  The samples were then subjected again to AF demagnetization at 120 
mT.  Finally the samples had an IRM imparted on three mutually perpendicular 
directions at 120, 500, and 2500 mT respectively, then thermally demagnetized to 
produce tri-axial decay curves [Lowrie, 1990].   
Petrographic analysis was conducted on thin sections produced from oriented 




Zeiss Axio Imager.Z1 petrographic microscope in order to determine lithology as well 
as to investigate diagenetic features and opaque minerals.  Cathodoluminescence 
microscopy was conducted using an Olympus BX50 system microscope with a CITL 
CCL 8800 MK4 Cathodoluminescence Stage.   
Doubly polished thin sections from calcite and dolomite filled veins were 
prepared for preliminary fluid inclusion analysis.  Petrographic analysis was performed 
on a Zeiss Research microscope using a Zeiss 40x long working distance objective.  
Fluid inclusion microthermometry was carried out using a Linkam TH-600 
heating/freezing stage connected to a Linkam TMS 90 control unit.  The temperature at 
which the vapor bubble disappeared in an individual inclusion was recorded as the 
homogenization temp (Th).  These temperatures were recorded in increased order so that 
lower temp inclusions were not damaged.  Careful observations were made to look for 
stretching of the inclusions.  No inclusions studied exhibited stretching.  The small size 
of the inclusions (>10um) made it difficult to obtain ice melting temps (Tm).   
An automated Cameca SX50 electron probe micro-analyzer that is equipped 
with an integrated energy-dispersive x-ray analyzer at the University of Oklahoma was 
used to investigate the nature of common opaque minerals observed in the various 
carbonates. Backscatter electron imaging (BSEI) was used to image the opaques while 
energy dispersive x-ray analysis (EDXA) was used to for qualitative analysis of the 
composition of the opaque minerals  
Carbon and Oxygen isotopes were determined in the isotope geochemistry lab at 
the University of Oklahoma. About 200-300 µg of carbonate was loaded into 12 ml 




caps.  The vials were then placed in a thermostated sample tray heated at 50°C and 
flushed with ultra high purity He (99.999%) using a Thermo Gas Bench II equipped 
with a Combi PAL auto-sampler flushing needle for 360 seconds to remove the air.  
Then 0.4 ml of 100% phosphoric acid was manually injected into vials with a syringe 
and the reaction was allowed to proceed for at least 1 ½ hours. The vials were then 
sampled with the PAL measurement needle and the headspace CO2 was analyzed for 
δ13C and δ18O using a Thermo Delta V Plus isotope ratio mass spectrometer. 
The carbon and oxygen composition are reported in standard δ-notation: 
δ (sample) = (Rsample/Rsample-1)1000 ‰ 
Where R is 13C/12C for carbon and 18O/16O for oxygen.  The average δ value of 10 
sample pulses is expressed relative to PDB on a scale such that δ13C and δ18O of NBS-
19 is +1.95 ‰and -2.20 ‰, respectively. 
 Strontium isotope analysis was performed at the University of Texas (Austin) in 
two batches (years 2008 and 2009) according to the methods described by Gao et al. 
[1992]. Four samples where ran from Mississippian Carbonates at Line Creek and 7 
samples from Mississippian Carbonates at Mt. Kidd and 2 samples from the Permian-
Triassic units at  Kent Anticline.  Samples consisted of dolomitized limestones so after 
removal of the exchangeable and water-soluble Sr the samples were dissolved in 4% 
acetic acid for 20 minutes to remove as much calcite as possible before dissolving them 
in 8% acetic acid to dissolve the dolomite. The NIST SRM 987 standard mean value for 
the 2008 samples was 0.710264 ± 0.000007 (2σ = 0.000015, n = 33) For the 2009 batch 
the NIST SRM 987 standard mean was 0.71026 ± 0.000005 (2σ = 0.000012, n= 35).The 




987 = 0.71014. The 87Sr/86Sr values were then plotted and compared to the coeval 
seawater values for Mississippian to Triassic seawater  [Denison et al., 1994; McArthur 
et al., 2001]. 




 Based on the orthogonal projections the Mississippian carbonates in KC and LC 
contain two stable components after removal of a modern viscous remanent 
magnetization (VRM) by 200°C (Figure 4A, B). An intermediate temperature (IT) 
component with southerly declinations and steep up inclinations was removed between 
220-340°C in specimens from most sites (Figure 4A, B). The maximum unblocking 
temperature suggests pyrrhotite carries the component. On the back limb of the KC 
anticline along Spray lakes the pyrrhotite appeared to be present but was unable to be 
picked due to noisy data and high MAD angles. The characteristic remanent 
magnetization (ChRM) is a high temperature (HT) component which has northerly 
directions and steep down inclinations (Figure 4A, B). The maximum unblocking 
temperature of the ChRM (540°C) suggests that magnetite carries the component.  The 
temperature range for both components can be clearly seen on graphs of percent NRM 
verses thermal demagnetization step (Figures 4A, B). Specimens taken from the 
Permian to Triassic rocks at Kent Anticline in Kananaskis Country, however, do not 
contain the reversed IT component (Figure 4C).  These only display the ChRM which 
unblocks between 220-560°C, suggesting a single component magnetization residing in 
magnetite. Low-temperature treatment prior to thermal demagnetization shows an 





Figure 4: Representative orthogonal projections (Zijderveld diagrams) in geographic 
coordinates for stepwise thermal demagnetization of A) KC B) LC and C) SPR 
specimens. Open circles represent the vertical component and the closed circles indicate 
the horizontal component.  The normal polarity ChRM is indicated by circles, the 
reversed polarity intermediate component is indicated by triangles and the modern 
VRM is indicated by squares.  Arrows indicate the direction of thermal decay.  The 
small insert map shows the percentage of magnetization removed by a particular 













varies from site to site (5-41% for KC; 10-30% for LC; 4-17% for SPR), suggesting a 
highly variable concentration of MD grains.   
5.2 Kananaskis Country, AB 
 
5.2.1 Site Statistics and Tilt Tests for KC 
 
 Out of the 43 sites sampled at KC, 87% of these sites had specimens which 
displayed the ChRM.  Out of these sites, 70% contained specimens with low MAD 
angles (<10) and low α95 values (<15°). The majority of these sites had more than 7 
specimens used to determine the site mean statistics (Table 1).  The k values ranged 
from 33.6 to 1019.4 and most α95 values were less than 9° (Table 1).   Thirteen percent 
of the total sites had specimens with very weak NRM values (<0.010 mA/m) and/or 
displayed erratic decay which did not allow for the components to be resolved.    
Upon 100% un-tilting of the HT site mean data for the KC syncline the 
remanence vectors display a crossover geometry and do not fully group (Figure 5).   
This observation is confirmed by both the OC [Watson and Enkin, 1993] and DC tilt 
tests [Enkin, 2003].  The OC tilt test shows that optimal un-tilting is achieved at 84.9% 
± 4% un-tilting (Figure 5) and the DC tilt test shows similar results with optimal un-
tilting at 85.6% ± 10.3% (Figure 5).  These results suggest that the magnetization was 
acquired early in the folding process.  In order to examine the anticline at KC a tilt test 
was performed using the data from the western limb along Spray lakes Reservoir and 
the eastern limb data from the KC syncline.  When 100% tilt correction was applied the 
remanence vectors appeared to come together with a few sites displaying some 
crossover suggesting a pre-tilting to early syn-tilting acquisition (Figure 6).  The OC tilt 





Notes:  N/No is the number of specimens with direction versus the number of 
demagnetized specimens; k is a measure of grouping, a95 is the 95% cone of confidence. 
Dec is declination; Inc is inclination in both geographic and stratigraphic coordinates;  
Lithology: CD = crystalline dolomite, FPS = fossiliferous packstone, DFP = dolomitzed 
fossilifersou packstone, DFG = dolomitized fossiliferous grainstone, FGS = 
fossiliferous grainstone, DFWS = dolomitzed fossiliferous wackstone, DWS = 
dolomitized wackstones, OFGS = oolitic fossiliferous grainstone, PFGS = pelloidal 
fossiliferous grainstone, PS = packstone, WS = wackstone, GS = grainstone DMs = 
dolomitzed mudstone, DP = dolomitzed packstone, DPGS = dolomitized pellodial 
grainstone,  DGS = dolomitized grainstone, ChCD = cherty crystalline dolomite,  





Figure 5:  Tilt test results for the high temperature CRM at the Mt. Kidd syncline.  A)  
Equal Area projections of site mean data (k > 10, α95 < 15) in both geographic (upper) 
and stratigraphic (lower) coordinates.  B) Optimal clustering (OC) tilt test (Watson and 







Figure 6: Tilt test results for the ChRM at the Mt. Kidd anticline.  A)  Equal Area 
projections of site mean data (k > 10, α95 < 15) in both geographic (upper) and 
stratigraphic (lower) coordinates.  B) Optimal clustering (OC) tilt test (Watson and 





shows 91.6% ± 12.4% (Figure 6).  The error in the OC tilt test does not overlap the 
100% un-tilting suggesting an early syn-tilting acquisition whereas the error from the 
DC tilt test did overlap the 100% un-tilting suggesting a pre-tilting magnetization. 
 Eighty eight percent of the sites from the KC anticline-syncline contained the IT 
component,.  On the west dipping limb of the anticline along Spray lakes reservoir, only 
one specimen (KC13-20) from all the sites had a well defined IT component.  The 
majority of the sites used in the site statistics had at least 6 specimens to determine the 
site statistics, with k values ranging from 22.4 to 656.0 and most α95 values were less 
than 8°. 
 The best grouping of the IT site mean data for the KC syncline occurs at ~0% 
un-tilting with the remanence vectors moving away from each other upon 100% un-
tilting (Figure 7).  This suggests that the IT component is post-tilting.  The k- parameter 
tilt test shows that optimal grouping occurs at -3.6% ± 8.0% (Figure 7) and the DC tilt 
test shows optimal grouping occurs at -3.5% ± 10.1% (Figure 7).  These results suggest 
that the IT component was acquired after the units had been folded. 
5.3 Line Creek anticline, BC 
 
5.3.1 Site Statistics and Tilt Tests for LC 
 
 Out of the 56 sites collected from LC, 91% of the sites contained specimens 
with the ChRM.  Out of these sites, 70%, had specimens which could be used to create 
site statistics suitable for tilt tests (k > 10, α95 < 15).  Four of the sites had a well 
defined ChRM but the α95 value for these site means were greater than 15° so these 






Notes: N/No is the number of specimens with direction versus the number of 
demagnetized specimens; k is a measure of grouping, a95 is the 95% cone of confidence. 
Dec is declination; Inc is inclination in both geographic and stratigraphic coordinates;  






Figure 7:  Tilt test results for the intermediate temperature component at the Mt. Kidd 
syncline.  A)  Equal Area projections of site mean data (k > 10, α95 < 15) in both 
geographic (upper) and stratigraphic (lower) coordinates.  B) Optimal clustering (OC) 






specimens to determine site means, with k values ranging from 18.8 to 282.9 and α95 
values that were less than 11° (Table 3).    
 For the LC anticline 100% un-tilting of the HT site mean data appear to generate 
the best grouping with no crossover of data, suggesting a pre-tilting magnetization. 
(Figure 8).  This is confirmed by both tilt tests, with the OC tilt test showing optimal 
grouping at 97.1.7% ± 3.1% (Figure 8) and the DC tilt test showing the best grouping at 
96.6% ± 6.0% (Figure 8).  Since the errors for both tests overlap the 100% un-tilting 
these tests indicate that the un-tilting of the site means is more like 100% un-tilting so 
the remagnetization was acquired prior to folding.  
 For the IT component 95% of the sites contained specimens with a well defined 
component and out of these 79% had had a component that could be reliably identified 
using the PCA program.  As with the ChRM a few sites had site mean α95 values 
greater than 15 and were excluded from the tilt tests.  The majority of the reliable sites 
contain at least 5 specimens per site, had k values ranging from 28.9 to 1276.5 and α95 
values less than 11°. 
 The site mean data for the IT component have two distinct groupings prior to tilt 
correction, and display a crossover geometry during untilting (Figure 9).  The OC tilt 
test shows the best grouping is at 69.5% ± 2.5% (Figure 9) and the DC tilt test shows 
the optimal grouping is achieved at 69.8% ± 7.3% (Figure 9).  These results suggest that 
the IT component was acquired during the early stages of folding. 
5.4 Vein conduit Tests (VCT) 
 
Vein conduit tests from both the KC (Figure 10) and LC (Figure 11) localities 





Notes: N/No is the number of specimens with direction versus the number of 
demagnetized specimens; k is a measure of grouping, a95 is the 95% cone of confidence. 
Dec is declination; Inc is inclination in both geographic and stratigraphic coordinates;  






Figure 8: Tilt test results for the ChRM at the Line Creek anticline.  A)  Equal Area 
projections of site mean data (k > 10, α95 < 15) in both geographic (upper) and 
stratigraphic (lower) coordinates.  B) Optimal clustering (OC) tilt test (Watson and 






Notes: N/No is the number of specimens with direction versus the number of 
demagnetized specimens; k is a measure of grouping, a95 is the 95% cone of confidence. 
Dec is declination; Inc is inclination in both geographic and stratigraphic coordinates;  





Figure 9: Tilt test results for the intermediate temperature component at the Line Creek 
anticline.  A)  Equal Area projections of site mean data (k > 10, α95 < 15) in both 
geographic (upper) and stratigraphic (lower) coordinates.  B) Optimal clustering (OC) 
tilt test (Watson and Enkin, 1993).  C) Direction Correction (DC) tilt test (Enkin, 2003). 





intensities.  The VCT at KC which was conducted using 12 specimens taken along a 
profile which crossed three bedding parallel veins. Both components exist in the 
specimens based on orthogonal projections (Figure 12A), however, a large spike in total 
magnetic intensity of the ChRM and not the IT component is observed at each of the 
three veins suggesting a relationship between bedding parallel veins and the ChRM  
(Figure 10B). The ChRM is interpreted to reside in magnetite so the component 
intensity is a combination of the VRM contained in MD magnetite, which is calculated 
from the intensity drop caused by the liquid nitrogen treatment and the total intensity of 
the ChRM (PSD to SD grains).  The MD intensity was added to the PSD/SD intensities 
because both are concluded to form during the same event. 
   The VCT at LC examined tectonic veins and is considered to be 
unconventional in the sense that it tested an un-veined bed (Figure 11A) versus a bed 
containing intense thin veining (Figure 11B).  Both components are observed in the un-
veined bed (Figure 12B) and have similar component intensities (Figure 11A). Unlike 
the other sites at LC the ChRM is reversed (Figure 12B).  For the highly veined bed, 
multiple specimens displayed only the IT component (Figure 12C), however, a few 
specimens did display a weak and noisy ChRM.  It appears that the magnetic intensity 
of the IT component overwhelms the ChRM (Figure 11B).  A drop due to liquid 
nitrogen treatment was observed in the veined specimens suggesting MD magnetite, 
however, this data was not included in the component intensity data for the magnetite 
component due to the lack of a well defined magnetite ChRM in the veined specimens. 
These results suggest that the fluids filling these tectonic veins may have had exerted a 





Figure 10:  Bedding parallel vein conduit (contact) test from Kananaskis Country.  A) 
Field photo showing veins and core locations.  Cores holes are 1 inch in diameter. B) 
Component intensities verses distance from the veins, Circles = Magnetite component 







Figure 11:  Tectonic vein conduit (contact) test from Line Creek.  A) Un-veined sample 
(LC23).  Left = Field Photo of unveined rock, cores holes are 1 inch in diameter. Right 
= Component intensity of both components for each specimen.  B) Intensely veined 
sample,  Left = Field Photo showing intense veining; Right = Component intensity of 






  These differences between the sites can also be observed in both IRM 
acquisition curves and tri-axial decay curves (Figure 13). The un-veined specimen 
(LC23-7) has a curve with a fairly sharp transition to saturation with 80% of the 
magnetization acquired below 100 mT (Figure 13A).  This suggests a large amount of 
lower coercivity magnetite compared to pyrrhotite. The veined specimen (LC55-8) has 
a much more gentle curve with 80% saturation achieved just below 200 mT (Figure 
13B) suggesting a larger concentration of higher coercivity pyrrhotite compared to 
magnetite. Tri-axial decay curves for both samples are full demagnetized by 580°C. In 
the veined samples, 85-90% of the IRM for the low and moderate coercivity curves is 
removed by 325°C whereas only 60-70% is removed in the unveined sample (Figure 
13B).  This also suggests a larger concentration of pyrrhotite compared to magnetite in 
the veined sample.   
5.5 Spray lakes Road (Kent Anticline), AB 
 
5.5.1 Site Statistics and Tilt Tests for SPR 
 
Out of the 12 sites collected in Pennsylvanian and Triassic units from the Kent 
Anticline, 10 contained the ChRM with a maximum unblocking temperature of 560°C 
with none of the samples showing the IT component (Figure 5C).  A minimum of 5 
specimens were used to calculate the site statistics.  The k values ranged from 30.5 to 
174.9 and α95 values were less than 15 (Table 5).    
At 100% un-tilting the site mean data from each limb came together suggesting 
a pre-tilting magnetization (Figure 14).  The best grouping for the OC tilt test was 
96.5% +/- 3.2% (Figure 14).  The DC tilt test gave similar results with the best grouping 





Figure 12:  Orthogonal projections (Zijderveld diagrams) in geographic coordinates for 
stepwise thermal demagnetization of A) KC sample B) LC unveined sample. C). LC 
veined sample Open symbols represent the vertical component and the closed circles 
indicate the horizontal component.  The high temperature ChRM is indicated by circles, 
the intermediate component is indicated by triangles and the modern VRM is indicated 
by squares.  Arrows indicate the direction of thermal decay. The small insert map shows 








Figure 13: IRM Acquisition and tri-axial thermal decay curves for LC vein conduit 







Notes:  Notes: N/No is the number of specimens with direction versus the number of 
demagnetized specimens; k is a measure of grouping, a95 is the 95% cone of confidence. 
Dec is declination; Inc is inclination in both geographic and stratigraphic coordinates;  
Lithology: QSSM = Quartz sandstone with micrite.  CDQ = crystalline dolomite with 








Figure 14: Tilt test results for the ChRM at the Kent anticline.  A)  Equal Area 
projections of site mean data (k > 10, α95 < 15) in both geographic (upper) and 
stratigraphic (lower) coordinates.  B) Optimal clustering (OC) tilt test (Watson and 















5.6 Paleopoles and the Apparent Polar Wander Path (APWP) 
 
 The paleopole for the pre-tilting ChRM (74.7°N, 194.0°E; dp/dm =  6.2° /5.5°) 
at LC falls along the Mesozoic portion of the APWP in the Early Cretaceous (Aptian; 
~120-110 Ma; Figure 15). The paleopole from the syn-tilting KC syncline (70.6°N, 
202.1°E; dp/dm =7.5°/6.9°) and the pre-tilting KC anticline (65.4°N, 219.5°E; dp/dm = 
6.3°/5.6°)  fall to the east of the Early Cretaceous portion of the APWP and the errors 
do not overlap any portion of the path (Figure 15). The syn-tilting IT pole at LC falls off 
the path near the late Jurassic-Early Cretaceous portion of the path (62.5N, 170.9E; 
dp/dm = 7.3/6.0; Figure 15) and the post-tilting IT pole for the KC syncline plots off the 
path near the north pole (74.5°N, 325.8°E; dp/dm = 5.7/4.7; Figure 15) The paleopole 
for the pre-tilting SPR anticline (80.1°N, 220.9°E; dp/dm = 8.1°/7.3°) plots near the 
Late Cretaceous to Eocene portion of the path (Figure 15). 
5.7 Rock Magnetism 
 
5.7.1  Previous Rock Magnetic Work conducted on KC and LC samples 
 
Detailed rock magnetic characterization has been conducted on the KC and LC 
samples as part of this comprehensive study of secondary magnetizations in the 
Canadian Cordillera [Chapter 2].  Based on a combination of thermal demagnetization, 
cumulative log Gaussian analysis, High-Field hysteresis measurements and low 
temperature experiments, these samples contain up to three distinct components. 1) a 
modern VRM which is unblocked below 200°C and resides MD magnetite. 2) an IT 
component carried by SD pyrrhotite. 3) a ChRM contained in PSD-SD magnetite.  
Superparamagnetic magnetite as well as high coercivity oxidized phases (hematite or 





Figure 15:  Mesozoic section of the apparent polar wander path for North America 
(modified from Besse and Courtillot, 2000).  Squares = Mt. Kidd syncline; Oval = Mt. 
Kidd anticline Triangles = Line Creek anticline; Pentagon = Kent anticline Open 
symbol represent the ChRM and closed symbols indicate the intermediate temperature 







can have a strong influence on the bulk rock magnetic properties but do not affect the 
NRM of these remagnetized carbonates. 
5.7.2 Rock magnetic analysis of SPR samples 
 
 In order to confirm the magnetic mineralogy observed in thermal 
demagnetization of the SPR samples, a series of rock magnetic were also conducted.  
IRM aquisition curves show that for SPR9-2 partial saturation is acheived around 100 
mT, suggesting magnetite.  The magnetization does not ever reach full saturation by 
2500 mT, suggesting the presence of hematite (Figure 16A).  Thermal decay of a 
triaxial IRM shows that both of the lower coercivity curves have the majority of the 
magnetization and decay by 580°C, confirming the presence of magnetite (Figure 16A).  
The remaining magnetization in the lower coercivity curves as well as the high 
coercivity curve is removed by 680°C indicating hematite.  For SPR14-4 the IRM 
acqustion curve shows a sharp transition to full saturation below 120 mT suggesting 
magnetite (Figure 16B). The presence of magnetite is confirmed by total removal of the 
triaxial IRM by 580°C (Figure 16B).  Pyrrhotite is not considered to be present in these 
specimens based on the thermal demagnetization of the NRM results.  This absence is 
confirmed by the lack of a gentle transition to saturation below 200mT as observed in 
the Mississippian carbonates  from Chapter 2     
5.8 Petrology 
 
5.8.1  Transmitted light  
 
 At Line Creek 22 representative lithologies were sampled (Tables 3 & 4) and 
classified according to Dunham [1962]. These samples range from pure limestone with 





Figure 16: Representative IRM Acquisition and Tri-axial thermal decay curves for 





abundant lithologies sampled were dolomitized wackstones and fossiliferous 
grainstones.  These are followed by dolomitized fossiliferous grainstones, dolomitized 
packstones, pelloidal grainstones and crystalline dolomite. The remaining lithologies 
are minor variations of these six predominate lithologies (Table 3 & 4). The samples 
show various concentrations of detrital siliclastic material (quartz and feldspar), opaque 
minerals (pyrite, hematite and magnetite), and degraded hydrocarbons (i.e. bitumen).  
 At Kananaskis Country the Mississippian carbonates are similar to Line Creek 
and also show a large variation in lithologies and dolomitization, with 16 different 
lithologies sampled  (Tables 1 & 2).  The most predominate lithologies sampled were 
dolomitized grainstones and fossiliferous packstones followed by dolomitized 
wackstones, oolitic fossiliferous grainstones, wackstone-packstones and crystalline 
dolomites. Again the remaining lithologies are slight variations of the 6 common 
lithologies (Tables 1 & 2). As with the Line Creek samples the Mississippian carbonates 
also contain various amounts of detrital siliclastic material (with some quartz grains 
displaying overgrowths), opaque minerals, and degraded hydrocarbons.  It is worth 
noting that at both locations is that there is no observable relationship between coherent 
and incoherent sites and the petrographic characteristics.  In addition, there is not a 
relationship between the components and type or amount of dolomitization.  
Calcite veins were milky and the only observable inclusions were too small for 
analysis. The vein dolomites contained large two phase aqueous brine inclusions along 
growth planes (Figure 17).  Preliminary analysis of these inclusions suggests fluids with 






Figure 17: Representative Fluid inclusions along a growth plane in a tectonic dolomite 





For Kent Anticline in Kananaskis Country the sites sampled were carbonates as 
well as siliclastics.  The majority of the sites drilled were in the Pennsylvanian-Permian 
Rock Mountain Super Group. The lithologies consisted of a quartzarenite with a lime 
mud matrix and a crystalline dolomite or dolomitized mudstone. The Triassic Sulphur 
Mountain Formation was a dolomitized laminated shaley grainstone.  All of the samples 
contained abundant pyrite and detrital material similar to the Mississippian units but 
they did not contain observable solid bitumen.  
5.8.2 Cathodoluminescence (CL)  
 
CL microscopy was performed on vein material from specimens used in the vein 
conduit tests to determine if any variations exist between the vein material [e.g., 
Marshall, 1988]. If variations exist they could reflect differences in the Mn to Fe ratios 
of the vein forming fluids. The bedding parallel vein (KC24-11) shows two distinct 
mineralogies in transmitted light.  The primary vein forming mineral is calcite, with un-
twinned dolomite observed as a late stage interstitial vug filling material (Figure 18A).  
Under CL the calcite shows a faint red luminescence while the dolomite shows a bright 
red luminescence (Figure 18B).  The tectonic veins at LC also show interfingering 
mineral phases composed of dolomite and calcite (Figure 18C), suggesting multiple 
veining events.  Based on cross-cutting relationships the primary veining material is 
dolomite followed by a later calcite.  Under CL the dolomite has a bright red 
luminescence similar to the late stage dolomite in the bedding parallel veins, whereas 
the late stage calcite is quenched (Figure 18D).  Based on the CL results it appears that 
the dolomite in both vein tests precipitated from fluids with similar Mn to Fe ratios 





Figure 18: Petrography of vein material from the vein conduit tests.  A) KC24-11, 
Plane polarized light (PPL).  B) LC55-6, PPL.  C) KC24-11, Cathodoluminescence 













5.8.3 Electron Microprobe results 
 The origin of the opaque minerals observed within the matrix and degraded 
hydrocarbons where ambiguous in bright field reflected light so backscatter electron 
microscopy (BSEL) and Energy Dispersive X-Ray Analysis (EDXA) was employed to 
determine composition.  Degraded hydrocarbons are abundant throughout the samples 
examined (Figure 19) and opaque minerals are common in the hydrocarbons.   Pyrite 
grains were the most abundant and commonly were partially replaced by hematite 
(Figure 19A).  The EDXA showed that the solid bitumen (Figure 19B) is enriched in 
sulfur with the weight percent sulfur ranging from 12.25 to 29.12%. Sphalerite (Figure 
19C) and barite (Figure 19A) were also observed.  Based on EDXA frambodial 
pyrrhotite (Figure 19D) was identified, however, due to the small crystal size compared 
to the beam size it is possible that the EDXA signal was a representation of pyrite and 
hematite, which has a spectrum that looks similar to pyrrhotite. 
5.9 Geochemistry 
 
5.9.1  Carbon/Oxygen Results 
 
 Carbon13 and Oxygen18 isotopes were analyzed to characterize the nature of the 
vein material as well as the nature of vug material.  The LC vein and vugs had a very 
narrow range of positive carbon values ranging from 1.39 to 3.58 and a very wide range 
of negative oxygen values ranging from -4.23 to -22.94 (Figure 20).  The Kananaskis 
veins, vugs and slickensides were similar in terms of a narrow range of carbon values 
(2.72 to -1.89; Figure 20) with the exception of one  vug sample which has a highly 
depleted carbon value (-10.42).  These samples also display a wide range of oxygen 





Figure 19: Electron backscatter images from host rock.  A) Pyrite being replaced by 






wide range of oxygen value suggests vein forming fluids which had variable range of 
high temperatures [e.g., Nelson et al., 2002], although the very low oxygen values may 
reflect equilibration with meteoric waters.  Also observed in only three samples was a 
liner trend of increasingly negative carbon values linked to increasingly negative 
oxygen values (Figure 20). 
5.9.2 87Sr/86Sr Results 
 
 Strontium isotope data was collected from 17 samples to investigate possible 
fluid alteration.  Out of the 15 samples from the Mississippian carbonates, 7 were host 
composed of calcite, 4 were host composed of dolomite, 2 were calcite veins and 2 were 
dolomite veins.  Also one sample was tested from the Pennsylvanian-Permian Rock 
Mountain Super Group and one from the Triassic Sulphur Mountain Formation, both of 
which are dolomite rich rock.  All Mississippian samples examined have elevated 
87Sr/86Sr values when compared to coeval seawater values for Mississippian carbonates 
(Figure 21) [McArthur et al., 2001].  The calcite hosts have a mean value of 0.708128 ± 
0.000006 and the dolomite hosts have a slightly lower mean value of 0.708040 ± 
0.000006.  The vein material shows similar results (calcite veins mean value of 
0.707970 ± 0.000005 and the dolomite veins mean value of 0.708015 ± 0.000006).  The 
Rock Mountain Super Group sample has a ratio which plots below the lower 
Pennsylvanian section of the seawater curve (Figure 21), while the Sulphur Mountain 










Figure 20: Plot of stable Carbon-Oxygen isotope results from veins, vugs and 







Figure 21:  Plot of 87Sr/86Sr results for both host rock and vein material.  Squares = 
Host carbonates; Circles indicate vein material; Solid symbols indicate calcite and open 
symbols indicate dolomite.  Data plotted on the Triassic to Devonian coeval seawater 








Detailed paleomagnetic analysis has uncovered a multi-component 
remagnetization in organic rich Mississippian carbonates from two fault related folds.  
The folds are located within the Front Ranges of the Canadian Cordillera and the 
normal and reversed nature of the multiple remagnetization is similar to what has been 
observed in other areas of the Canadian Cordillera [e.g., Lewchuk et al., 1998; Enkin et 
al., 2000; Cioppa et al., 1999;  Robion et al., 2004]. The ChRM in both folds is a normal 
polarity ChRM with a maximum unblocking temperature of 540°C and is interpreted as 
a CRM due to relatively low burial temperatures (180-250°C).  This is based on 
magnetite relaxation time-unblocking temperature curves for SD grains [e.g., Middleton 
and Schmidt, 1982; Dunlop et al., 2000], which is applicable for are samples since the 
MD contribution has been removed by liquid nitrogen treatment.  The second 
component is an IT reversed polarity component with a maximum unblocking 
temperature of 340°C.  The maximum unblocking temperature, combined with the 
results of extensive rock magnetic experiments [Chaptere 2], indicates that this 
component resides in SD pyrrhotite.  The pyrrhotite component is also considered to be 
a CRM based on the SD pyrrhotite relaxation time-unblocking temperature curves 
[Dunlop et al., 2000].  In previous studies the IT component has been interpreted to be a 
TVRM in magnetite [e.g., Enkin et al., 2000; Robion et al., 2004].  The results of 
Chapter 2 as well as this study, have demonstrated that the IT component resides in 
pyrrhotite as a CRM and is not a TVRM in magnetite. 
 The presence of pyrrhotite as a stable remanence carrier has important 




In recent years pyrrhotite has been increasingly recognized as an important carrier of a 
paleomagnetic signal [e.g., Dekkers et al., 1989; Rochette et al., 1990; Jackson et al., 
1993; Xu et al., 1998; Crouzet et al., 2002; Weaver et al., 2002; Gillet and Karlin, 2004; 
Font et al., 2006; Preeden et al., 2008].   Pyrrhotite is considered an important redox 
indicator that may form as a result of diagenesis [Hall, 1986], and has been shown to be 
a useful in geothermometry [Dunlop et al., 2000; Schill et al., 2002].  One reason that 
pyrrhotite may have been discounted as a dominant remanence carrier in the past is due 
to the fact pyrrhotite and magnetite have overlapping room temperature coercivites.  
Another possible reason is because pyrrhotite may be interpreted as thermally 
remagnetized magnetite.  Pyrrhotite is generally considered to have a maximum 
unblocking temperature of 325°C although temperatures as high as 350°C have been 
reported [Rochette et al., 1990], which may contribute to this misinterpretation. Jackson 
et al., [1993] has suggested that the Cenozoic TVRM widely reported throughout the 
Appalachian Fold and thrust belt may in fact be a CRM contained in pyrrhotite. 
The Line Creek Anticline in BC contains an Early Cretaceous pre-tilting ChRM 
and at Mt. Kidd in Kananaskis Country, AB the ChRM appears to have formed also 
formed in the Early Cretaceous, as pre-tilting remagnetization in the anticline and an 
early syn-tilting remagnetization in the syncline.  The fact that the pre-tilting result for 
the Mt. Kidd anticline has a paleopole that is significantly different than the pre-tilting 
Line Creek pole suggest that a structural complication may exist and will be discussed 
in detail in Chapter 3. The pyrrhotite component is syn-tilting at the Line Creek 
Anticline and post-tilting at Mt. Kidd. The timing based on the paleopole for the 




late Tertiary in age, however, the pole plots off of the path near the North Pole.  This 
may be because the process forming the remagnetization occurred to rapidly and did not 
average out secular variation and will be discussed below.  The syn-tilting Line Creek 
pole plots off the path near the Late Jurassic portion of the path.  This would make it 
older than the pre-tilting magnetite pole. This may be due to secular variation not being 
averaged out or that sampling may have uncovered multiple remagnetization events.  A 
Late Cretaceous pre-tilting single polarity normal component has also been observed in 
Pennsylvanian and Triassic rocks at Kent Anticline in Kananaskis Country.  Based on 
unblocking temperatures and rock magnetic experiments the component is contained in 
magnetite, with no evidence for pyrrhotite observed.  
These results raise an interesting question regarding the timing of deformation in 
the Kananaskis region.  It is unlikely that the Mt. Kidd fold would have a syn-tilting 
remagnetization that was ~30Ma older than a pre-tilting remagnetization at Kent 
Anticline which is located only a few km’s to the south.  Also, an Early Cretaceous syn-
tilting magnetization would predate the inferred initiation of movement of the 
McConnell Thrust which was Late Cretaceous-Eocene time [Price, 1981].  The age of 
motion along the Rundle and Sulphur Mountain thrusts containing each structure have 
also been determined to have occurred in the Late Cretaceous (68.4-72.7 Ma) using 
authogenic illite from fault gouge along the thrusts [van der Pluijm et al., 2006].  This 
supports the assertion that the Early Cretaceous syn-tilting nature of the Mt. Kidd 
syncline is the result of a strain or stress modification of a pre-tilting remagnetization, 




debate [e.g., Price, 2007; Pevear et al., 2007].  The effect of strain/stress modification of 
pre-tilting remagnetizations will be discussed in detail in Chapter 3. 
6.2 Origin of ChRM 
 
 The Mississippian carbonates examined from both field locations show elevated 
strontium isotope compared to Mississippian coeval seawater suggesting alteration by 
externally derived fluids. This coupled with the observation of a strong correlation 
between bedding parallel veins and the magnetite component provides evidence that the 
CRM contained in magnetite is the result of a regional pervasive fluid migration of 
evolved fluids.  This is in direct contrast to a recent study which proposed that regional 
fluid flow was not sufficient to cause regional remagnetization in the Canadian 
Cordillera, opting for burial diagenesis as a possible mechanism [e.g., Machel and 
Cavall, 1999].   
Hydrocarbon maturation [Cioppa and Symons, 2000] and clay diagenesis 
[Machel and Cavall, 1999] has been invoked as a remagnetization mechanisms in the 
Canadian Cordillera Burial clay diagenesis is not considered to be a likely 
remagnetization mechanism, due to a relatively negligible clay content observed in the 
samples. Dolomitization which has also been invoked as a possible remagnetization 
mechanism in the Canadian Cordillera [e.g., Lewchuk et al., 1998; Symons et al., 1998; 
Roure et al., 2005] can be discounted due to the presence of the magnetite component is 
in both limestones and dolostones at each locality.  Even if direct dolomitization either 
early or late in the diagenetic history is not a source of remagnetization is still plays an 
important role by creating porosity for later fluid migration.  This idea is highlighted by 




component, which was probably aided by dolomitization which increased porosity and 
permeability. 
   Roure et al., [2005] proposed that recrystallization of fine crystalline dolomite 
during layer parallel shortening (LPS) in a low water circulation environment as the 
driving mechanism for regional remagnetization in the Canadian Cordillera.  This 
model was based on the observation of a magnetic lineation based on anisotropy of 
magnetic susceptibility data, which correlated to LPS styolitic cleavage (Roure et al., 
2005).  Pressure solution due to LPS has been shown to lead to liberation of preexisting 
magnetic grains which then reorient within styolites leading to remagnetization [e.g., 
Evans et al, 2006; Olivia-Urica et al., 2007].   
Since the timing of the ChRM relative to folding is considered pre-tilting at LC 
the fluids would have needed to migrate through these units prior to or just at the onset 
of deformation.  Laramide deformation is believed to have initiated in the westernmost 
portion of the Alberta foreland Basin by around 135 Ma [Evenchick et al., 2007].  This 
suggests that the observed Early Cretaceous (~120 Ma; Aptian) remagnetization event 
could have been sourced from the Omencia highlands to the west and/or by the 
initiation Laramide shortening in the foreland fold and thrust belt.  The origin of the 
fluids (meteoric or deep basinal) is unclear and it is not possible to determine which 
orogenic fluid flow mechanism (tectonically induced or gravitational recharge) was 
responsible.  
The origin of the single polarity pre-tilting magnetite component in the 
Pennsylvanian and Triassic rocks at Kent Anticline is not clear.  Preliminary Sr-isotope 




Pennsylvanian dolomites appear to be primary.  Also the remagnetization is much 
younger (Late Cretaceous), which is difficult to reconcile with the Early Cretaceous 
regional fluid related remagnetization in the Mississippian carbonates.  This along with 
the lack of any vein conduit tests makes it difficult to assess the potential of fluids being 
responsible for the remagnetization with the same amount of certainty as the 
Mississippian carbonates.  One possibility is that the remagnetization is the result of a 
later and stratigraphically higher fluid migration event prior to deformation. In terms of 
the other possible remagnetization mechanisms, hydrocarbon migration and/or 
maturation can be ruled out since these units are devoid of degraded hydrocarbons (i.e. 
solid bitumen).  On the other hand many of the beds do contain large amounts of clay so 
the smectite to illite transformation [e.g., Katz et al., 2000] is a plausible 
remagnetization mechanism.  More detailed petrographic and geochemical studies as 
well as clay analysis needs to be conducted on these units in order to accurately 
determine the true remagnetization mechanism.  
6.2 Origin of  the IT Component 
 
Authigenic pyrrhotite can carry a CRM in black shales and dark limestones and 
may be formed through multiple processes.  Processes include the transformation of 
primary magnetite in the presence of pyrite and organic matter in the lower greenshist 
facies (~300°C ) and the breakdown of pyrite around 400°C [Rochette, 1987].  Recently 
pyrrhotite has been shown to form during anaerobic oxidation of methane associated 
with gas hydrate dissociation in neogene sediments [Larrasoãna et al., 2007; van 
Dongen et al., 2007; Rowan and Roberts, 2008].    Another possibility is formation of 




which converts hydrocarbons into sour gas [e.g., Pierce et al., 1998].  At Line Creek the 
burial temperatures did not exceed 180°C based on vitrinite reflectance data for the 
overlying Jurassic coals [~120°C; Per. Comm. J.Halko].  Slightly higher temperatures 
are observed at Mt. Kidd, but did not reach greenshist temperatures based on a lack of 
metamorphic minerals and calcite twin morphology [Ferrill et al., 2004], so low grade 
metamorphism can be ruled out.  Sulphate reduction on the other hand has been known 
to have occurred throughout the Canadian Cordillera due to warm sulphate rich 
formational waters moving up along faults and fractures [e.g., Goldhaber and Reynolds, 
1991; Pierce et al., 1998; Mountjoy et al., 1999] and could provide a viable 
remagnetization mechanism. 
6.2.1 Process and products of TSR/BSR 
  Bacterial sulphate reduction occurs in low temperature diagenetic 
environments due to sulphate reducing bacteria (0-80°C) which above 80°C cease to 
metabolize [e.g., Machel and Foght, 2000]. TSR is the result of a redox-reaction that 
occurs during deep burial diagenesis within a temperature range of ~100 to 200°C 
through sulfate reduction of hydrocarbons with concomitant oxidation of the organic 
compounds [e.g. Machel 2001]. It is a common and widespread process within the 
Devonian-Mississippian carbonate reservoirs in Western Canada and is responsible for 
the formation of sour gas fields [Krouse et al., 1988; Hutcheon et al., 1995].  BSR and 
TSR form similar products and by-products and it can be difficult to separate the two 
processes.  BSR and TSR processes require dissolved sulphate (SO42-) that is derived 
from seawater, pore waters, or from dissolution of gypsum and anhydrite [Machel, 




compounds such as kerogen, crude oil, microbial methane, and thermogenic gas, and/or 
gas condensate.  H2S (sour gas) is the most abundant product [e.g. Machel, 1998a] and 
the amount of H2S generated by TSR and BSR is controlled primarily by the availability 
of organic reactants and sulphate but also on the availability of base and transition 
metals, such as Fe, Pb, Zn, Mn, and metal sulfides.  The most common metal sulfides 
produced are iron sulfides (pyrite and pyrrhotite), galena, and spahlerite can be 
produced.  Due to the low solubility of metal sulfides, formation can occur even if only 
trace amounts of the metals are present [Machel, 2001].  BSR processes typically form 
greater amounts of iron sulfides due to an abundance of Fe in near surface diagenetic 
environments, whereas iron sulfides are rare by comparison as by-products of TSR due 
to availability of iron.  
The most common iron sulfide observed in sour gas reservoirs is pyrite although 
pyrrhotite has recently been reported as a by-product of TSR [Pierce et al., 1998].  
Carbonate precipitation is also common with calcite and dolomite being the most 
prominent phases formed by TSR and aragonite and calcite being the most common 
phases formed during BSR.  Typical carbon isotope values are -25 to -30‰ PDB for 
BSR and as low as -12‰ PDB for TSR [Machel et al., 1995].  TSR calcites and 
dolomites are also characterized by elevated fluid inclusion temperatures.  Other 
common by-products include elemental sulfur and sulfur enriched solid bitumen.  The 
size  and duration of TSR zones is controlled by the  duration of physical contact 
between organic compound and sulphate, with data suggesting that formation occurs in 
narrow reaction zones (~10-100m) over a time scale of tens of thousands to hundreds of 




formation rates are extremely high in most geological settings although they can be 
relatively slow due to slow influx of one of the primary reactants.  
6.2.2 Evidence for TSR/BSR as a remagnetization mechanism in the Canadian 
Cordillera 
 
 Evidence that TSR/BSR has occurred in the Mississippian carbonates comes 
from the observation of multiple common TSR/BSR by-products.  These include 
authigenic pyrite, frambodial pyrrhotite, spahlerite, sulfur enriched bitumen (29.12 
Wt% sulfur) within host dolomites and limestones, as well as, zoned dolomite crystals 
with elevated fluid inclusion temperatures (140-212°C).   The δ13C and  δ18O values for 
the majority of veins examined do not show evidence of TSR, however, 3 samples (2 
veins and 1 Vug) display a linear trend  represented by a increasingly negative δ18O 
values coupled with a increasingly negative δ13C values (Figure 21).  The vug has δ13C 
values near the maximum negative values observed in TSR dolomites (-10.87‰ PDB).   
This feature has been observed in other TSR calcite/dolomites [e.g., Machel and Cavell, 
1999; Machel 2001; Vandeginste et al., 2009]. The majority of the veins examined  
have  a narrow range of δ13C (~-1 to +4‰ PDB) and heavily depleted δ18O –isotopes (-
10 to -25‰ PDB) which, do not directly reflect TSR water, but does reflects fluids with 
variable elevated temperatures [Nelson et al., 2002] and/or transfer of oxygen from the 
SO42- into the CO32- group [e.g., Machel, et al., 1995] which are required for TSR to 
occur.   
Additional support for TSR/BSR as a remagnetization mechanism is based not 
on evidence of TSR/BSR, but on the absence of the pyrrhotite component in the 
Pennsylvanian and Triassic rocks at Kent Anticline.  These units are located within 




affected by the same diagenetic event which created the pervasive pyrrhotite 
remagnetization within the Mississippian carbonates.  The most probable reason for this 
is due to the fact that these units appear to lack the same concentration of organic matter 
which is a crucial reactant required for TSR/BSR.  If TSR is indeed the cause of the 
pyrrhotite than a lack of organic matter would prohibit the formation of any TSR/BSR 
by-product, such as pyrrhotite.  
6.2.3 Relationship of TSR to fluid migration along faults and fractures 
It has been proposed that TSR is the result of warm fluids moving upwards 
along faults and fractures [e.g., Goldhaber and Reynolds, 1991; Pierce et al., 1998; 
Mountjoy et al., 1999].  In order to investigate this idea CL imaging was conducted on 
the vein conduit tests in order to investigate relationships between vein forming fluids 
with different Mn to Fe ratios and both the magnetite and pyrrhotite components.  The 
bedding parallel calcite veins at Mt. Kidd have a red luminescence as does a late stage 
vug filling dolomite within the vein.  The tectonic vein conduit test from the Line Creek 
Anticline shows an increase in the pyrrhotite intensities along with a decrease in the 
magnetite intensities when compared to unveined rock.  The primary vein forming 
mineral is red luminenescent dolomite which is followed by a later calcite vein which 
displays a quenched luminescence.  In order to form pyrrhotite TSR needs to have Fe in 
the system and there are several possible sources.  First the late stage calcite fluids are 
quenched which means they contain more Fe relative to Mn [e.g., Marshall, 1988] and 
they may have been the source of the Fe which allowed TSR to produce the pyrrhotite 
component. Iron in organics or preexisting pyrite present in the rocks may also have 




volume of warm sulphate rich water to be in contact with magnetite which could be the 
source of the Fe.  This may have allowed the Fe in the magnetite to be consumed to 
form pyrrhotite during TSR.  This may explain the drop in magnetite intensity in the 
highly veined zone.  Since the pyrrhotite is a pervasive remagnetization, minor amounts 
of the warm fluids must have migrated out into the un-veined sections leading to 
pervasive TSR and formation of pyrrhotite at the expense of magnetite, although 
preserving enough magnetite to form the ChRM.  The interpretation that fluids moving 
along fractures were responsible for the pyrrhotite component is important because it 
suggests that pyrrhotite formed prior to exhumation to shallow depths. This would 
suggest that pyrrhotite formation would have occurred as a result of TSR and not BSR. 
6.2.4 Nature of TSR and its relationship to the timing of remagnetization 
 Based on the paleomagnetic, rock magnetic, petrographic, and geochemical data 
the most probable remagnetization mechanism for the pyrrhotite component is TSR.  As 
a result paleomagnetic analysis may be a powerful tool in terms investigating the timing 
of TSR in important sour gas reservoirs. The nature of TSR, however, may lead to 
problems when trying to date these events using paleomagnetism.  The first issue is the 
time span in which TSR occurs.  TSR formation of sour gas reservoirs typically occurs 
over time periods of tens of thousands to hundreds of thousands of years under the right 
conditions and at most they may require a few million years [Goldhaber and Orr, 1995].  
If TSR occurs at the lower end of the spectrum than it is possible that the formation of 
pyrrhotite may not average out secular variation, which is typically on the order of  ~105 
years.  This may be reflected at Mt. Kidd by the fact that the paleopole plots off of the 




limited stratigraphic extent of TSR (~10-100m).  This may result in multiple events 
occurring at different time intervals within a single structure.   At Mt. Kidd the exposure 
of the units lead sampling to be confined to a relatively small vertical section within the 
structure.  The results from the tilt-tests at Mt. Kidd gave a post-tilting remagnetization, 
which is what would be expected for a Late Tertiary TSR.  At Line Creek, however, the 
exposure was much more expansive, allowing sampling across a stratigraphic section 
comprising several 100 meters.  The results from the tilt test gave a syn-tilting result 
(~60% un-tilting).  It is also possible that the stepwise demagnetization uncovered two 
separate post-tilting events in the front and back limb. If this is indeed the case 
attempting to perform a tilt-test on the entire structure would give erroneous results.  
Another unresolved issue is the overprint by a later pyrrhotite forming remagnetization 
event due to BSR during exhumation to shallow levels, which would further complicate 
the paleomagnetic signal. More work needs to be done to resolve these issues before 
paleomagnetic dating of TSR/BSR can be considered reliable.  
7. Conclusions 
 
 Detailed Paleomagnetic analysis of three folds in the Front Ranges of the 
Canadian cordillera has uncovered a multi-component remagnetization in Mississippian 
carbonates at Mt. Kidd and at the Line Creek Anticline and a single component 
remagnetization in Pennsylvanian and Triassic rocks at Kent Anticline.  Based on 
unblocking temperatures and  rock magnetic experiments [Chapter 2], the ChRM 
observed at all three folds is a CRM contained in magnetite and the IT reversed 
component observed in the Mississippian carbonates is a CRM contained in pyrrhotite.  




carbonates and is pre-tilting at the Line Creek Anticline.  The remagnetization is early 
syn-tilting at Mt. Kidd syncline and pretilting in the Mt. Kidd anticline, although these 
results may be influenced by structural complications. The magnetite component at 
Kent Anticline is a Late Cretaceous pre-tilting magnetization.  Both the Kent and Line 
Creek anticlines have the majority of their deformation taken up by flexural slip and 
brittle faulting/ fracturing.  The Mt. Kidd structure shows that steepening and thinning 
of the east dipping limb was accommodated by ductile deformation.  This coupled with 
the location of the paleopoles for the pre-tilting remagnetization at Kent Anticline, 
which appears ~30 Ma younger than the syn-tilting remagnetization at Mt. Kidd located 
only a few km to the north suggest that remagnetization at Mt. Kidd may have been 
altered by strain.  Based on elevated Sr-isotopes in the host dolomites and limestones in 
the Mississippian carbonates and positive correlations between bedding parallel veins 
and the magnetite component, the most probable origin of the remagnetization is a 
regional fluid flow event related to the initiation of thrusting and folding in the Main 
Ranges of the foreland belt prior to the onset of Laramide deformation in the Front 
Ranges.  
 The origin of the pyrrhotite component observed in the Mississippian 
carbonates is consistent with warm Fe rich fluids migrating along faults and fractures 
causing TSR of hydrocarbons, which led to the formation of sour gas reservoirs.  This 
model is based on the petrographic observation of multiple common by-products of 
TSR which include: authigenic pyrite, frambodial pyrrhotite, spahlerite, sulfur enriched 
bitumen and zoned dolomite crystals with elevated fluid inclusion temperature (140-




nature of TSR.  At Mt. Kidd the pyrrhotite component is post-tilting and appears to be 
Late Tertiary in age.    
Appendix 
 
 In order to perform this technique with the site mean data, the β axis of the fold 
was calculated using GEOrient 9.2 [Holcombe, 2005], once the plunge and trend of the 
fold was known, both the bedding orientation and the declination/inclination of the 
magnetizations were recalculated.  This was accomplished by taking the pole to the 
bedding and importing this data into the SuperIAPD program as if it was declination 
and inclination data.  Once the pole to the bedding data was imported the plunge and 
trend of the fold axis was converted to a strike and dip following the right-hand rule and 
the plunge was removed using the “bedding correction for the mean” option in 
SuperIAPD.   Finally the corrected bedding was determined by converting the plunge 
corrected pole back to bedding.  The bedding correction for the mean option was also 
used to remove the plunge from the site mean data.  Once all the corrections had been 
applied, the data could be used in both of the aforementioned tilt tests. After the plunge 
corrected bedding and site mean data was untilted back to horizontal (stratigraphic 
position) the results were checked using GeoCalculator 4.9 [Holcombe, 2007], which 
allows for the un-tilting of beds around a fold axis while tracking a line on the surface.  
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The use of conventional tilt tests in studies in fold and thrust belts has been shown to be 
a powerful tool when investigating pre- and post tilting results.  In the case of syn-
tilting, however, many structural complications such as block rotations, small out of 
plane bedding rotations, spurious rotations of magnetic vectors, and strain/stress 
alterations exist which are undetected using conventional tilt tests.  To address this 
issue, an integrated study of the results from conventional tilt tests, small circle 
intersection analysis (SCI), and calcite twin strain has been conducted on two folds 
containing a multi-component remagnetization in Mississippian carbonates within the 
Front Ranges of the Southern Canadian Cordillera.  The results of this study show that 
the Line Creek anticline acquired a high temperature chemical remanent magnetization 
(CRM) in the Early Cretaceous (~Aptian) prior to folding.  The Line Creek anticline  
represents an ideal fold for paleomagnetic analysis.  This fold formed under low to 
moderate burial temperatures (170-180°C) and low deviatoric strain (0.27-0.84%) via 
kink folding and brittle processes during transportation of the hanging wall over a 
simple frontal ramp.  On the other hand, the Mt. Kidd anticline-syncline contains 
multiple structural complications that affect the high temperature CRM. These 




analysis in terms of the untilting percentages and age determination. The primary 
structural complications involve subtle out of plane rotations or spurious rotations 
within certain sites which were only identified using the SCI analysis.  This analysis 
indicates that the portion of the Mt. Kidd anticline was complicated by imbricate thrust 
sheets and therefore is not valid for paleomagnetic analysis.  Removal of sites from the 
east dipping limb which appeared to be rotated with respect to the other sites within the 
Mt. Kidd syncline data set removed the discrepancies between the conventional tilt tests 
and the SCI analysis. This allowed for the determination of an early syn-tilting 
remagnetization.  The origin of the syn-tilting result is attributed to either strain 
modification or spurious rotation of a pre-tilting high temperature CRM. The Mt. Kidd 
syncline formed under high burial temperatures (≥ 200°C) and high deviatoric strain 
(3.6-8.7%) via ductile deformation during transportation over a frontal and oblique 
ramp. The conventional tilt tests and SCI analysis of the intermediate temperature 
chemical remanent magnetization at the Line Creek anticline yielded a Late Jurassic 
syn-tilting result which is attributed to either secular variation not being averaged out or 
multiple remagnetization events.  The intermediate temperature CRM at the Mt. Kidd 
syncline is a Late Tertiary post tilting remagnetization event that has not been 
influenced by any structural complications. 
1. Introduction 
 
 When a magnetization is acquired from a single depositional or diagenetic event 
it forms a resultant vector which is considered to be similar to a lineation.  This allows 
paleomagnetists to infer the timing of magnetization relative to folding within fold and 




represents the paleofield at the time of acquisition (e.g., Hudson et al., 1989; McFadden, 
1990; Stamatokos et al., 1996;  Enkin et al., 2000; Lewchuk et al., 2003; O’Brien et al., 
2007; Shipunov et al., 2008).  This is accomplished by applying an incremental bedding 
correction or tilt test (e.g., Watson and Enkin, 1993; Enkin, 2003). The tilt test is one of 
the more powerful field tests in paleomagnetism and has had many formulations since 
the original test was developed by Graham (1949), however, all follow the basic 
assumption that untilting of two opposing limbs occurs around a single horizontal axis 
via rigid body rotation.  If parallelism is achieved without any bedding correction (i.e. 
in situ or geographic position) the magnetization is considered to have been acquired 
post folding.  If parallelism is achieved after bedding has been corrected to horizontal 
(i.e. tilt corrected or stratigraphic position) the magnetization is considered to have been 
acquired pre-tilting. Tilt corrections can also result in crossover geometries with 
parallelism achieved at an intermediate stage of folding and are referred to as syn-tilting 
remagnetizations (e.g., Scotese and Van der Voo, 1983).  Syn-tilting remagnetizations 
are common, but the origin and usefulness such secondary magnetizations has been 
debated (e.g., McFadden, 1998; Weil et al., 2002; Elmore et al., 2006). 
The objective of this study is to investigate the origin of syn-tilting 
remagnetizations within asymmetrical folds in the Front Ranges of the Canadian 
Cordillera.  Critical attention will be paid to the results obtained from multiple tilt tests 
utilized in this study.  The syn-tilting nature of these folds has been previously 
established in Chapter 2 using the optimal cluster (OC) tilt test (Watson and Enkin, 
1993) and direction correction (DC) tilt tests (Enkin, 2003).  In order to gain a clearer 




(SCI) analysis (Shipunov, 1997; Waldhöer and Appel, 2006) was conducted on the 
aforementioned data set in conjunction with fold kinematic analysis and calcite twin 
strain analysis (e.g., Groshong, 1974). This integrated study will be used to evaluate the 
results of the conventional tilt tests as well as to investigate if any structural 
complexities such as block rotations and internal stress/strain have biased the results. 
2. Origin of syn-tilting magnetizations 
Syn-tilting remagnetization have been recognized from various fold and thrust 
belts from around the world and three major classes have been recognized (e.g., Hudson 
et al., 1989).  The first class is considered to be a “true” syn-tilting remagnetizations, 
which formed during the actual folding process, either by: (1) chemical precipitation of 
magnetic minerals (e.g., Kent and Opdyke, 1985), (2) thermal resetting of preexisting 
magnetic minerals, (e.g., Kent, 1985), or (3) stress enhanced acquisition of 
piezoremanent magnetization (PRM; e.g. Hudson et al., 1989; Borradaile, 1997). “True” 
syn-tilting remagnetizations are considered the only geologically significant class, 
however, incremental tilt test results are not unique when folding is not symmetrical, 
particularly in asymmetrical folds.  The second class is a contaminated syntilting result 
due to unresolved combinations of pre-, syn- and post-tilting remagnetizations with 
similar coercivity and unblocking characteristics (e.g., Miller & Kent, 1988; Hudson et 
al., 1989).  The third class is remagnetizations resulting from structural modification of 
pre-tilting magnetization via strain.  Several models have been proposed to explain such 
modifications.  For example, over steepening of fold limbs during shear slip folding 
(e.g., Tarling, 1983) or the concentration and rotation of preexisting magnetic minerals 




have a direct impact, by deflection of preexisting magnetizations due to: (1) remanence 
vectors behaving as passive markers which are deflected during internal strain 
(Kligfield et al., 1983; Hirt et al., 1986; Kodama, 1988). (2) Physical reorientation of 
magnetic grains by rigid body rotation during layer parallel shear (e.g., Van der Pluijm, 
1987; Kodama, 1988) or during mechanical twining of calcite within grains or along 
grain boundaries (e.g., Evans et al., 2003). Contamination due to multiple 
remagnetizations or stress/strain modifications of pre-tilting magnetizations create 
“false” syn-tilting results. Interpreting a “false” syn-tilting result as a “true” syn-tilting 
result may lead to erroneous amounts of inferred vertical axis rotation as well as 
erroneous timing of folding/faulting and/or diagenetic alteration events. Although strain 
studies are commonly performed in fold and thrust belts, relatively few paleomagnetic 
studies have integrated strain/stress studies with tilt test results (Kodama, 1988; Hudson 
et al., 1989; Stamatokos and Kodama, 1991; Lewchuk et al., 2003; Evans et al., 2003; 
Elmore et al., 2006).  
Apart from direct stress and strain alteration of preexisting magnetizations 
several structural complications related to fold kinematics can influence tilt test results 
and also generate erroneous results (e.g., Stewart, 1995; Pueyo et al., 2003; Waldhöer 
and Appel, 2006).   Commonly folds have inclined fold axis with the plunge forming 
concurrent with folding or by a subsequent overall tilt.  Inclined fold axes can be 
resolved by removing the plunge and subsequent untilting around the resultant 
horizontal fold axis as long as the plunge forms by rotation of each limb around lines 
parallel to a fold hinge.   If the structure in question is an interference fold formed by 




fold hinges may exist, making determination of the correct fold hinge for rotation 
difficult (e.g., Stewart, 1995).   Numerical modeling of paleomagnetic vectors that are 
transported in hanging wall over footwall ramps geometries has also shown that 
interactions between frontal and oblique ramps can lead to the formation of spurious 
rotations of paleomagnetic vectors (Pueyo et al., 2003). Vertical axis rotations formed 
either by oroclinal bending (e.g., Van der Voo et al., 1997; Weil et al., 2002) or block 
rotation (e.g., Aubourg & Chabet-Peliline, 1999; Grabowoski & Nawrocki, 2001) can 
also significantly alter paleomagnetic vectors.  Recently, subtle out of plane bedding 
rotations (Waldhöer and Appel, 2006) and layer parallelization (Waldhöer and Appel, 
2009) have been proposed to have a profound effect on paleomagnetic vectors.  In order 
to gain geologically significant paleomagnetic information from fold and thrust belts 
each one of these issues need to be evaluated. 
3. Evolution of Tilt Tests 
 As stated above paleomagnetic tilt tests have undergone several modifications 
since their inception, and will be briefly summarized below.  For a more detailed 
explanation of the modification of tilt tests over the years see Weil et al. (2002; and 
references therein).  The initial tilt test was simple and was based on the rotation of 
measured vectors around a local strike to investigate pre-and post tilting magnetizations 
(Graham, 1949).  This test, however, lacked statistical criteria for assessing the 
significance of the tilt test results.  This led McElhinny (1964) to modify this test by 
introducing Fisher (1953) k-parameter statistics to estimate the degree of clustering of 
directional data on a sphere, in order to investigate the significance of a particular result. 




magnetizations and did not provide information on magnetizations acquired during 
folding (i.e., syn-tilting).  This led to the development of an incremental tilt test 
(Scotese and Van der Voo, 1983) which calculated the statistical significance of various 
clusters at an incremental stage of untilting.  The incremental test was subsequently 
modified to rely more on optimal clustering estimation which determined confidence 
limits from Fisher statistics as opposed to statistical significance (e.g., Tauxe et al., 
1991; Watson and Enkin, 1993).  McFadden, (1998) argued that although the optimal 
clustering tilt tests were simple and relatively intuitive they were flawed by the 
assumption that magnetizations are most tightly clustered when the beds are tilted to 
their  proper orientation at the time of acquisition, which may result in the erroneous 
observation of syn-tilting magnetizations.  Instead, McFadden (1998) argued for a test 
which is based on correlation between distributions of both magnetic directions and 
tectonic information, by investigating the correlation of the cluster of two groups of 
Fisher-distributed site means on opposing limbs.  One disadvantage to this type of test 
is that it requires very detailed and strategic sampling (McFadden and Jones, 1981; 
McFadden, 1990). Enkin, (2003) addressed this issue by creating the Direction 
Correction (DC) tilt test which combines the correlation test (McFadden, 1990) with 
optimal clustering tilt tests (Watson and Enkin, 1993). This test involves a graph 
showing whether or not the geographic site mean directions are correlated to their 
corresponding bedding tilt corrections.  The DC tilt test offers an analytical rather than 
numerical method of determining optimal degree of untilting.  As an alternative to 
conventional tilt tests, several authors have proposed a test based on the intersection of 




correction. This approach can be used to investigate the effect of structural 
complications and assess the validity of results determined from conventional tilt tests 
(McClelland-Brown, 1983; Shipunov, 1997; Waldhöer and Appel, 2006).  Another form 
of SCI analysis was proposed by Enkin et al. (2000), which used optimal differential 
untilting (ODU) to determine the greatest concentration of vectors during untilting, 
Unfortunately details on the  procedure was not published in detail. SCI has not been 
widely implemented in the paleomagnetic community even though it has been shown to 
be rather sensitive to many issues related to fold geometry and vertical axis rotations 
(e.g., Henry et al., 2004; Waldhöer and Appel, 2006).   
  The concept of SCI analysis is explained in detail in Shipunov (1997) and 
Waldhöer and Appel (2006).  It is based on the motion of remanence vectors within a 
particular bed as a bedding correction is applied and the concept is displayed in Figure 
1.  During untilting the bedding pole moves along the π-circle of bedding (e.g., Ramsay 
and Huber, 1987) while the remanence vector moves along a parallel small circle tied to 
a particular bed, termed the remanence small circle.  Remanence small circles tilted to 
different directions will intersect at a common point indicating the paleofield direction 
during acquisition (Figure 1B; McClelland-Brown, 1983; Shipunov, 1997; Waldhöer 
and Appel, 2006).  This method is not applicable to perfectly cylindrical folds because 
the small circles will never intersect, however in nature the majority of folds have 
significant variations in bedding strike which does create a sufficient number of small 
circle intersections (Waldhöer and Appel, 2006).  The paleofield direction at the time of 
magnetization is determined using a least squares method, which means that the 





Figure 1:  Basic concept of small circle intersection (SCI) analysis (modified from 
Waldoer and Appel, 2006).  A) Equal area projection  showing a site mean of an 
imagnetization aquired prior to tilting (Dec/Inc.0/60; gray square) and the location after 
tilting about a horizontal axis (black square). Motion of the site mean is tied to a 
remanence small circle, which is parallel to the π-circle.  The π-circle is a great circle 
which contains the motion during the tilting (black circle) of the bedding pole for an 
originally horizontal bed (grey circle). B) π-circles (solid lines) and corresonding 
bedding poles for beds which have been tilted about a horizontal axis in opposite 
directions.  Different symbols represent the in situ location of the site means and tie the 
remanence small circles (dashed lines) to their corresponding  π-circles.  Paleofield 
direction (dec/inc: 0/60) is determined from the common intersection of all small circles 
(Shipunov, 1997) and arrows show direction in which site means will move during 
untilting.  Paleofield direction can only be determined if there is sufficent variation in 





to the best intersection (Henry et al., 2004).  Shipunov (1997) proposed a least-squares 
method which utilized the point in the x-y plane that lies closest to all remanence small 
circles intersections.  This method has all points on the sphere projected orthogonally 
onto the projection plane and does not utilize angular distances which may promote a 
geometric bias (e.g., Henry et al., 2004). Because of this a modified least squares 
method which utilizes angular distances was proposed by Waldhöer and Appel (2006) 
and will be employed in this study. Also of interest is the fact that where the remanence 
vectors lie along the remanence small circle is considered to be independent from where 
the intersection occurs (e.g., Waldhöer and Appel, 2006).  The best intersection of small 
circles occurring from variable untilting angles at each site has been used to constrain 
the fold geometry at the time of acquisition (e.g., Henry et al., 2004).  The error in the 
untilting percentages is determined by the standard deviation of untilting angles divided 
by the mean dip of the beds which may result in large errors when beds on opposing 
limbs are similar and shallow.   
4. Geological Setting of the Canadian Cordillera  
 
The foreland fold and thrust belt in the Canadian Cordillera is divided into three 
sub units from west to east:  The Main Ranges, the Front Ranges, and the Foothills 
(Figure 2) and is the result of west to east directed horizontal compression due to 
terrane accretion which accommodated up 200 km of horizontal shortening (e.g., Price 
and Mountjoy, 1970; Price, 1981; Fermor and Moffat, 1992).  Contraction in the 
foreland fold and thrust belt was expressed as thin-skinned detachment thrusting and 
folding of Mesoproterozoic to Cretaceous strata over Cretaceous and older strata [e.g. 





Figure 2:  Generalized tectonic map of the Canadian Fold and Thrust belt highlighting 
major tectonic units (Main Ranges, Front Range, and Foothills; Modified from Enkin et 
al., 2000).  Sampling locations, Mt. Kidd (KC), Line Creek (LC) are indicated by the 





was active from the late Jurassic to the Eocene overlapping both the Columbian (Mid 
Jurassic–Late Cretaceous) and Laramide orogenies (Late Cretaceous to Paleocene) with 
the majority of the shortening occurring in the Late-Cretaceous (~89Ma; Price, 1994). 
Obduction of terranes onto the North American pericratonic terranes began in 
the Late Triassic and continued into the Eocene which initiated shortening and 
thickening in the Omencia Belt west of the Foreland belt along both east and west 
directed faults and folds (Evenchick et al., 2007 and references therein).  Initiation of 
thrusting in the western most portion of the foreland belt began in the Early Cretaceous 
and progressed eastward (Carr and Simony, 2006).  This motion resulted in the 
formation of a wide variety of thin-skinned folding (e.g., Erslev and Mayborn, 1997) 
and duplexing (e.g., McMechan, 2001).  The majority of shortening due to major thrust 
motions along the Lewis and McConnell thrusts occurred during the Late Cretaceous-to 
Eocene (Price, 1981).  This effectively doubled the width of the foreland belt, which 
was followed by cessation of contractional deformation and led to exhumation and 
erosion (Price and Mountjoy, 1970).  
The folds of interest in this study are located within the eastern Front Ranges of 
the Southern Canadian Cordillera (Figure 2) and are contained in the Mississippian 
Rundle Group. In SE British Columbia an anticline was sampled within the Lewis thrust 
sheet along Line Creek on the property of Tek Coal (LC; Figure 3). In SW Alberta the 
Mt. Kidd anticline was sampled within the Rundle thrust where as the Mt. Kidd 
syncline was sampled within Rundle thrust at the contact with the Lewis thrust located 
in Kananaskis Country Provincial Park (KC; Figure 4). The Mississippian Rundle 





Figure 3:  Geologic map (modified from Price et al.,1992) and cross section with dip 
symbols for the Line Creek anticline.  Dashed line shows hypothesized ramp-flat 




a passive margin setting (e.g. Hardebol et al., 2006) although multiple workers have 
proposed that these carbonates were actually deposited in a foreland basin setting during 
the Late Devonian-Early Mississippian Antler Orogeny (e.g., Root, 2001 and references 
therein). Since deposition the Mississippian carbonates have undergone various 
diagenetic alterations creating a complex paragenetic sequence which involves early 
matrix dolomitization due to both marine pore waters and meteoric dominated systems 
(Al-Aasm, 2000). This was followed by pervasive meso-dolomite recrystallization from 
both meteoric and hydrothermal fluids during burial (Al-Aasm, 2000) and very late 
formation of vug rimming saddle dolomites and sulfide mineralization.  Hydrocarbon 
generation and migration is believed to have occurred within the Mississippian rocks in 
the Front Ranges during the Late Jurassic-Early Cretaceous (Kalkreuth and McMechan, 
1988) prior to Laramide deep.  Hydrocarbon emplacement was then followed by 
Thermo Sulphate Reduction (TSR) of the hydrocarbons, creating extensive sour gas 
reservoirs throughout the Canadian Cordillera and Western Canada Sedimentary 
(Machel, 1987; Machel et al., 1995; Roure et al., 2005; Vandeginste et al., 2009).   
4.1 Line Creek Anticline, BC  
 
At Line Creek the fold sampled was an asymmetrical upright anticline (Fold 
Axis: S2, 169) contained in the Mississippian Mount Head and Etherington Formations 
(Figure 3; Price et al., 1992).  The structure is characterized by a shallow west dipping 
back limb, a broad shallow west dipping crest, and steep west dipping front limb 
(Figure 3, 5A and B). Deformation was accommodated primarily by flexural slip and 
kink folding (Figure 5C).  Thinning was observed in the steep front limb, however, it 





Figure 4:  Geologic map (modified from McMechan, 1995) and cross section with dip 





limb contains small scale duplexing and back thrusting related to steepening of the front 
limb and tightening of the fold core (Figure 5D).  One normal fault displaying minor 
offset was also observed which was interpreted to be related to Eocene extension on the 
major Erickson normal fault west of the structure. 
4.2 Mt. Kidd Anticline-Syncline, AB  
In Kananaskis Country, Mt. Kidd is a plunging asymmetrical anticline-syncline pair 
(Plunge, trend of the fold Axis: S14, 182 and S17, 178 respectively) located along both 
Kananaskis Road (HWY-40) and Spray Lakes Road (Figure 4).   The fold is composed 
of the Mississippian Banff, Livingstone, Mount Head and Etherington Formations 
(Figure 4; McMechan, 1995).  The anticline is characterized by a shallow west dipping 
back limp with a tight fold hinge which progresses into an east dipping front limb which 
is steep and asymetrical near the core of the syncline and progressively shallows up 
section and becomes more symetrical (Figure 4).  Folding was accommodated by 
flexural slip, brittle fracturing and ductile thinning in the east dipping limb which 
thickens into the nose of the syncline (Figure 6B) and proceeds into the west dipping 
limb of the syncline.  The west dipping shallow limb of the syncline contains brittle 
fracturing and small scale duplexing.  A left lateral transverse fault was identified by the 
presence of horizontal slickensides bounding the northern edge of  Mount Kidd (Figure 
6C), a common feature observed in Kananaskis Country (Moffat and Spang, 1984; 
McGugan, 1987; McMechan, 1995).    
5. Previous paleomagnetic studies at Mt. Kidd and Line Creek 






Figure 5:  Field photos of major structural features at Line Creek anticline.  A) Shallow 
back limb and crest.  B) Kink folding during transition from crest into the steep front 
limb.  C) Back thrusting in core of the anticline.  D) Thinning of steep front limb via 







Figure 6:  Field photos of major structural features at Mt. Kidd anticline-syncline.  A) 
Asymmetrical anticline-syncline pair highlighting tight fold hinges.  B) Horizontal 
slickensides marking location of transverse fault at the northern edge of the study area.  
C) Ductile thinning in the front limb of the anticline accompanied by thickening into the 






Mississippian carbonates from the two folds of interest in this study were detailed in 
Chapters 1 and 2 (Figure 7). The characteristic remanent magnetization (ChRM) has a 
maximum unblocking temperature of 540°C and has been interpreted as a high 
temperature chemical remanent magnetization (high temperature CRM) residing in 
magnetite.  An intermediate temperature (IT) reversed component has a maximum 
unblocking temperature of 340°C and is interpreted to be an CRM residing in pyrrhotite 
(intermediate temperature CRM).  Conventional tilt tests results (OC and DC) suggest 
the high temperature CRM at Line Creek anticline is pre-tilting and Early Cretaceous. 
The high temperature CRM at the Mt. Kidd anticline is pre-tiling and apparently Early 
Cretaceous while the Mt. Kidd syncline is interpreted to be an apparent Early 
Cretaceous, early syn-tilting remagnetization.  The discrepancy between the two 
untilting percentages may be related to structural complications. Both paleopoles from 
Mt. Kidd plot to the south and east of the Line Creek paleopole (Chapter 2; Table 1).  
The intermediate temperature CRM at Line Creek is syn-tilting and plots below the Late 
Jurassic portion of the path (Table 1).  At Mt. Kidd the intermediate temperature CRM 
is post tilting and plots near the North Pole, which is attributed to be the result of 
secular variation it is considered to be a Late Tertiary remagnetization.  
6. Methodology 
 
6.1 Paleomagnetic sampling, analysis and Small Circle Intersection Analysis 
 
 Cores for paleomagnetic analysis were collected in the field with a portable 
gasoline drill and oriented with an inclinometer and Brunton compass.  Forty-three sites 
were collected from the anticline-syncline pair within the Mississippian carbonates at 








Figure 7: Representative orthogonal projections (Zijderveld diagrams) in geographic 
coordinates for stepwise thermal demagnetization of A) KC B) LC. Open circles 
represent the vertical component and the closed circles indicate the horizontal 
component.  The normal polarity ChRM is indicated by circles, the reversed polarity 
intermediate component is indicated by triangles and the modern VRM is indicated by 
squares.  Arrows indicate the direction of thermal decay.  The small insert map shows 








Notes:  N is the number of sites used in the tilt tests; D is declination; I is inclination; k 
is a statistical measure of grouping, α 95 is the 95% cone of confidence. Percent untilting 
and confidence interval from direction-correction (DC) tilt test [Enkin, 2003] and  the 
optimal clustering (OC) tilt tests(Watson and Enkin, 1993) tilt test; The pole represents 
the inferred location at during acquisition; dp/dm is the semi minor and semi major axis, 





 Kananaskis Road (Figure 4) and 7 sites were drilled on the west dipping limb of the 
anticline along Spray Lakes Reservoir on the Western edge of the park ~12 km NW of 
the front limb (Figure 4). Seven sites from the syncline were drilled in the vicinity of 
the right lateral transverse fault at the northern edge of the structure.  Sampling was 
primarily confined to the syncline due to the structural coherence of the exposures.  
Fifty-six sites were collected in Mississippian Carbonates within an asymmetrical 
anticline from an almost continuous exposure of outcrops, within a water gap along 
Line Creek, BC (Figure 3) on the property of The Tek Coal Company (Formerly Elk 
Valley Coal Company; Figure 3). At Line Creek, care was taken not to sample within 
the small scale duplexes, back thrusted, or late normal-faulted areas.  
Paleomagnetic samples were marked and cut to standardized lengths (~2.2 cm) 
with an ASC Scientific dual blade saw.  Natural Remanent Magnetizations (NRMs) 
were measured using a 2G-Enterprises cryogenic magnetometer with DC squids in the 
shielded paleomagnetic lab at the University of Oklahoma.  Prior to thermal 
demagnetization the samples were submerged in liquid nitrogen twice for two hours and 
warmed to room temperature in a zero field to remove the unstable remanence from 
Multi-Domain (MD) grains (Dunlop and Argyle, 1991).  The NRM was measured again 
after each treatment. Cores were then subjected to stepwise thermal demagnetization in 
22 steps from 100 to 580°C using an ASC scientific Thermal Specimen Demagnetizer. 
Demagnetization data was plotted on Zijderveld (1967) diagrams using the 
Super IAPD program, which was also used for Principal Component Analysis (PCA, 
Kirschvink, 1980) to determine the components.  Site means were calculated using 




conducted using the software generated by (Waldhöer and Appel, 2006). The data from 
KC was analyzed for both the unplunge and plunge corrected data sets. Removal of the 
plunge was accomplished by considering that the site mean vector data as a line on the 
surface of a particular bed. Then following a modified version of the method of tracking 
a line during the unfolding of a plunging fold, outlined in Marshak and Mitra, (1988; 
Method 6-14 pg 119-120), the plunge of the fold was removed and as a result, the 
orientation of the site mean vectors on a bed unfolded around a particular fold axis 
could be determined.  Based on the results of the SCI analysis both the OC tilt test 
(Watson and Enkin, 1993) and the DC tilt test (Enkin, 2003) were performed on 
modified data sets using the PMGSC version 4.2 software program [Enkin, 2004].   
Paleopoles were determined based on the declination and inclination of the 
greatest concentration of small circle intersections determined from SCI analysis and 
the optimal clustering from the OC tilt test. Errors where calculated using the α95 of the 
resulting intersections and clusters.   The poles were calculated using the PMGSC 
version 4.2 software program (Enkin, 2004).  The poles were then plotted on the 
Mesozoic portion of the apparent polar wander path (APWP) for North America (Besse 
and Courtillot, 2002) in order to investigate the age of remagnetization relative to 
folding.  
6.2 Calcite Strain Gauge 
 
The calcite strain gauge (CSG) method (Groshong, 1972, 1974; Evans and 
Groshong, 1994) is a least squares calculation which determines intergranular twinning 
strains. The CSG analysis was conducted on 2 mutual perpendicular thin sections 




between the two folds.  The samples examined were coarse grained packstones at Line 
Creek and dolomitized grainstones at Mt. Kidd.  The reference slide was cut parallel to 
the bedding and the second slide was cut perpendicular to bedding.   Measurements 
were conducted on a Leitz 4-axis Universal Stage with a 40x Nikon extra long working 
distance (ELWD) objective attached to a Nikon Opti-Phot petrographic microscope 
following the method outlined by Turner and Weiss, (1963) and Groshong (1974). At 
least 25 calcite twin orientations and calcite C-axis were measured on each slide and 
photographs were taken at 10x magnification after each measurement to ensure that no 
grain was measured twice.   GeoCalculator v4.9 (Holcomb, 2007) was used to ensure 
that the proper angle of 26.5±3 was achieved between the calcite twin and the C-axis.  
Once the measurements were complete the data sets were cleaned to reduce error by 
eliminating 20% of the twin sets with the largest deviation from the mean (Groshong, 
1974).  After removal of the largest deviations the square root of the second strain 
invariant (√J2) or total distortion by twinning (TDT) was calculated using the Calcite 
Strain Gauge (CSG) v1.2 software developed by Evans (2005).  The TDT is a measure 
of the total deviatoric strain in a particular sample (Jager and Cook, 1979).   Twin 
intensity (twin planes/mm) and average twin width, were also calculated in order to 
approximate maximum burial temperatures (Ferrill, 1991; Ferrill et al., 2004). 
7.  Results  
 
7.1 Small Circle Analysis  
 
7.1.1 Line Creek Anticline  
 
 Equal area projections displaying the small circle tracks from opposing limbs for 




9A.  The plunge of the Line Creek Anticline is insignificant (~2°) and no plunge 
correction has been applied to the data set.  The opposing limbs of the fold exhibit 
enough variation in bedding strike to generate a sufficient number of the remanence 
small circle intersections (mR/mP = 0.6; Table 2) needed to perform SCI analysis 
(Figure 8A and 9A) and the results are summarized in Table 2. SCI analysis of the high 
temperature CRM at Line Creek shows that the greatest concentration of intersections 
occurs at 95.6% ± 25.6 untilting (Table 2), suggesting a pre-tilting magnetization  with 
the greatest concentration of remanence small circles intersections occurring at a 
declination of 333.4° and an inclination of 72.8°.  The paleopole falls on the Late 
Cretaceous portion of the APWP (N72.7°, E191.2°; Figure 10) similar to the results 
obtained from the conventional tilt tests (Table 1).   
 The SCI analysis of the intermediate temperature CRM at the Line Creek 
anticline displays a syn-tilting result (66.4% ± 31.9) and the maximum number of 
remanence small circles occurs at a declination of 141.1° and an inclination of -68.5° 
(Table 2).  These locations correspond to a paleopole of N65.7°, E174.7° and plots 
below the Late Jurassic portion of the path (Figure 10), which is similar to the results 
obtained from the conventional tilt tests (Table 1).    
7.1.2 Mt. Kidd Anticline-Syncline  
 
 For the plunging (~15°) Mt. Kidd anticline-syncline pair, equal area projections 
for the unplunge corrected data sets show a high concentration of remanence small 
circle intersections (Figure 8B, C and 9B) due to large bedding strike variations 
resulting from plunge formation (mR/mP = 0.85 and 0.76 respectively; Table 2).  Upon 





Figure 8:  Equal area projections of the results from small circle intersection analysis of the 
high temperature CRM for all structures.  Black squares indicate in situ site means.  Gray 
squares indicate tilt corrected site means.  Black lines indicate remanence small circles.  A) 
Unplunge corrected data from the Line Creek anticline.  B) Unplunge corrected and plunge 
corrected data from Mt. Kidd anticline.  C) Unplunge corrected and plunge corrected data from 





Figure 9:  Equal area projections of the results from small circle intersection analysis of 
the intermediate temperature pyrrhotite component.  Black squares indicate in situ site 
means.  Gray squares indicate tilt corrected site means.  Black lines indicate remanence 
small circles.  A) Unplunge corrected data from the Line Creek anticline. B) Unplunge 







Notes:  Notes: N is the number of sites used in the tilt tests; mR/mP is the intersection 
factor where mR represents the number of realized intersections and mP represents the 
number of possible intersections; D is declination; I is inclination; k is a statistical 
measure of grouping, α95 is the 95% cone of confidence. Percent untilting and 
confidence interval from SCI analysis (Waldhöer and Appel, 2006); the pole represents 
the inferred location at during acquisition; dp/dm is the semi minor and semi major axis, 






 (Table 2) due to rotation towards a cylindrical fold geometry, but there are still enough 
intersections (mR/mP = 0.67 and 0.54 respectively; Table 2) to perform SCI analysis.  
The removal of the plunge results in an increase in the α95 and a decrease in the k 
values, as well as a deviation between the declination and inclination of the 
intersections at each structure (Table 2).   
Prior to plunge correction the percentage untilting for the high temperature 
CRM at the Mt. Kidd anticline is 93.3% ±50.6 and after plunge correction it is 98.0% 
±56.2, both of which are similar to the results obtained using conventional tilt tests and 
suggest a pre-tilting magnetization (Table 1). Large errors exist in the untilting 
percentages, most likely due to the similar and shallow bedding dip on both limbs 
(Table 2).   In terms of declination and inclination prior to plunge correction the highest 
concentration of remanence small circles occurs at declination of 299.9° and inclination 
of 74.6° resulting in a paleopole of N56.2°, E196.0° (Table 2).  After plunge correction 
the declination becomes 065.5° and the inclination becomes 66.5° resulting in a 
paleopole of N49.2°, E310.3°.  This paleopole differs significantly from the paleopole 
obtained using conventional tilt tests (Table 1 and 2), perhaps because the intersections 
are being influenced by structural complications.  This issue will be discussed in detail 
in the discussion section. 
At the Mt. Kidd syncline a similar pattern is observed in terms of the behavior of 
the remanence small circles during removal of the plunge from the high temperature 
CRM data set (Figure 8C; Table 2). The untilting percentage obtained from SCI 
analysis, however, differ from the results obtained from the conventional tilt tests 




to be early syn-tilting (85.6 ± 10.3%, Table 1), however, SCI analysis gives a pre-tilting 
result (102.4% ± 41.8, Table 2).   As with the Mt. Kidd anticline large errors in the 
untilting percentages exist.  The declination and inclination of the unplunge corrected  
high temperature CRM data set at the Mt. Kidd syncline determined from SCI analysis 
is 318.2°, 76.6° resulting in a paleopole at N51.0°, E174.4° (Table 2), which plots far 
south of the Late Jurassic portion of the APWP.  After plunge correction the  
declination and inclination of the high temperature CRM becomes 298.6°, 65.6° 
resulting in a paleopole at N64.5°, E202.4° (Table 1) which plots near the Early 
Cretaceous portion of the APWP (Figure 10).  It is significantly different than either the 
Line Creek or Mt. Kidd anticline high temperature CRM paleopoles.  
For the intermediate temperature CRM at the Mt. Kidd syncline the 
conventional tilt tests determined a post tilting result (Table 1).  Because of this no 
plunge correction was applied to the data set (Figure 9B).  The results from the SCI 
analysis are very similar to the conventional tilt tests, with maximum remanence small 
circle intersection occurring at -2.1% ±25.7 untilting, corresponding to a declination and  
inclination of 220.3°, 68.3° and a paleopole at N77.3°, E323.0° (Table 2).  This pole is 
similar to the conventional tilt test results (Table 1), plotting near the North Pole (Figure 
10), and is considered a Late Tertiary remagnetization.   
7.2. Calcite Twinning Strain  
 Variations in calcite twin morphology are observed between the two folds of 
interest in this study and are summarized in Table 3.  At Line Creek a pelloidal 
fossiliferous packstone was examined from the shallow back limb and a dolomitized 





Figure 10:  Mesozoic section of the apparent polar wander path for North America 
(Besse and Courtillot, 2000).  Squares = ChRM at Line Creek anticline; Circles = high 
temperature CRM at Mt. Kidd syncline; Triangles = high temperature CRM at Mt. Kidd 
anticline anticline; Pentagon = intermediate temperature CRM at Line Creek anticline; 
Star = intermediate temperature CRM at Mt. Kidd syncline White fill represents 
original tilt test results; Grey fill represent SCI results Dashed circle represents the 








(type 1 twins, Burkhard, 1993) generally observed as single twin sets (average thickness 
0.12µm; Figure 11A) and have a twin intensity (twins/mm) in the back and front limb 
of 38.1 and 91.2 respectively.  Total deviatoric strain (√J2) from the back and front limb 
was low (0.27% TDT and 0.84% TDT respectively).  The maximum burial temperature 
approximated from the data set was ˂ 170°C, which falls in the range of the maximum 
burial temperature of ~180°C extrapolated from vitrinite reflectance data from the 
overlying Jurassic coals (J. Halko, per. comm.). 
At the Mt. Kidd syncline the twins were measured in dolomitized grainstones from both 
the steep front limb and shallow back limb.  The twins were a mixture of thick and thin 
twins, however, thick twins were predominate (Type 2; Burkhard, 1993).  The grains 
examined predominantly contained two twin sets per grain (Figure 11B). The average 
twin width was 2.25 µm for the west dipping back limb and 3.3 µm for the east dipping 
front limb with twin intensities (twins/mm) of 22.73 and 39.75 respectively. These 
results correlate with a temperature range of 170-200°C, based on calcite 
geothermometry graphs (Ferrill et al., 2004). Also observed in thin sections taken from 
the nose of the syncline were bent thick twins (Type 3; Burkhard, 1993) suggesting that 
the maximum was probably slightly higher than 200°C.  The total deviatoric strain (√J2) 
was orders of magnitude higher than at Line creek with the back limb having 3.7% TDT 
and the front limb having 8.7% TDT.  Based on deformation maps for calcite 
constructed from constitutive equations and flow laws for calcite (Evans et al., 2006), 
the predominate deformation mechanisms in samples subjected to maximum burial 
temperatures below 250°C are pressure solution and twinning.  Because of this the TDT 





Notes:  Results presented are after removal of 20% of twins representing the largest 






Figure 11:  Representative calcite twin morphology (Burkhard et al., 1993) from both 
structures.  A)  Type 2 dual sets thick and thin twins at Mt. Kidd syncline. B) Type 1 








8.1 Effects of folding kinematics and deformation mechanism on the high 
temperature CRM 
 
8.1.1  Line Creek Anticline 
 
The SCI analysis and the conventional tilt tests at Line Creek produce similar 
untilting percentages and paleopoles for the high temperature CRM, although the SCI 
analysis produces large errors.  This suggests the remagnetization was acquired prior to 
folding in the Early Cretaceous (~Aptian).  This is most likely the result of the 
kinematic history as well as the predominate deformation mechanisms involved in the 
folding process.  The Line Creek anticline has an almost horizontal fold axis (~2° 
plunge), suggesting that the hanging wall was transported over a simple frontal ramp 
which did not generate any spurious rotation of paleomagnetic vectors (e.g., Pueyo et 
al., 2003). Equal area projections show a few remanence small circles which have large 
deviations compared to the majority of small circles (Figure 8A), suggesting the 
influence of structural complications such as out of plane bedding rotations.  Because of 
the large data set (49 sites) these discrepancies do not significantly influence the SCI 
analysis or tilt test results.   
Other structural complications such as small scale duplexing in the back limb 
and back thrusting within the fold core due to steepening of the front limb and 
tightening in the fold core were observed at Line Creek, however, these areas were 
avoided during sampling.  Also the Line Creek fold has planar limb segments formed 
via kink folding.  This allows for the application of simple rigid body rotation about the 
bedding strike of the opposing limb, which is one of the main assumptions in all tilt 




high tectonic strain, which can result in strain alteration of a preexisiting CRM (e.g., 
Kodma, 1988) or the formation of a PRM due to high stresses (e.g., Borradaile, 1997).  
Based on calcite deformation twinning the rocks in this anticline experienced low 
deviatoric strain (0.27-0.84% TDT), which resulted in brittle fracturing under low to 
moderate burial temperatures (170-180°C) being the dominant deformation mechanism 
accommodating steepening of the front limb and tightening of the fold core.  Based on 
these results  it appears that the Line Creek anticline may represent an ideal structure for 
paleomagnetic analysis within fold and thrust belts as long as areas that contain obvious 
structural complications (i.e., duplexing and back thrusting) are avoided.  Because of 
this the pole generated for the Line Creek anticline can be considered the true timing of 
acquisition of the HTCRM.   
8.1.3 Mt. Kidd syncline 
At the Mt. Kidd syncline which is located on the McConnell thrust sheet near 
the contact with the Rundle thrust, the conventional tilt tests gives an early syn-tilting 
result (85.6% ± 10.3) whereas the SCI estimate gives a pre-tilting result with large 
errors (102.4% ± 41.8).  The resultant paleopoles plot close to each other but both 
paleopoles plot south and east of the pre-tilting Line Creek pole (Figure 10) making 
them appear older.  A true syn-tilting result is considered suspect since motion along the 
Rundle thrust has been determined to have occurred in the Late Cretaceous (68.4-72.7 
Ma) using authigenic illite from fault gouge along the thrusts (van der Pluijm et al., 
2006).  This suggests that the Early Cretaceous syn-tilting nature of the Mt. Kidd 
syncline may be the result of a strain or stress modification of a pre-tilting 




is currently under debate (e.g., Price, 2007; Pevear et al., 2007). This would also 
contradict a west to east migrating fluid front being responsible for the high temperature 
CRM as proposed in Chapter 2, since Mt. Kidd is east of the Line Creek anticline. 
These discrepancies between the untilting percentages and paleopoles may be the result 
of one or more structural complications. 
 One possible origin of these discrepancies may be the result of an overall 
deformation event perpendicular to the fold axis occurring after folding resulting in the 
significant plunge observed in the structure (~15°).  An overall tilt post folding is 
unlikely since during removal of the plunge k values decrease and α95 values increase 
(Table 2). Modeling of synthetic paleomagnetic data conducted by Waldhöer and Appel 
(2006) showed that k values will increase and α95 values will decrease during plunge 
correction if a subsequent overall tilt occurs post folding.  This suggests that the plunge 
formed during folding, most likely due the interaction of the hanging wall being 
transported over a frontal and oblique ramp. Another complication is observed in the 
tracks of remanence small circles from three sites in the plunge corrected data from the 
east dipping limb.  During tilt correction these sites have small circles which follow an 
easterly path as opposed to the remainder of the sites which follow a more north 
easterly path (Figure 8C).  When these sites are removed the untilting percentages for 
both the SCI and the conventional tilt test are both near 85% untilting (Table 4) and the 
resultant paleopoles from both tests migrate closer to, but still east of the  pre-tilting 
Line Creek pole (Table 4; Figure 10). This modification reduced the errors for the 
untilting percentages, while increasing the k values and decreasing the α95 values in 




out of plane bedding rotations, although spurious rotations of paleomagnetic vectors 
formed due to the complex ramp interactions cannot be discounted. These spurious 
rotations may be significant when the magnetic vectors are oriented at a high angle to 
the fold axis (Pueyo et al., 2003), which is also the case at Mt. Kidd.    
In terms of the origin of the syn-tilting nature of the high temperature CRM at 
the Mt. Kidd syncline it must first be determined if the result indicates a “true” or a 
“false” syn-tilting result since true syn-tilting results may provide pertinent geological 
information when the fold appears to be symmetrical as is the case at the Mt. Kidd 
syncline. Based on the results of this study there is a strong indication that the syn-
tilting nature is actually a “false” syn-tilting result formed by one or more deformation 
related alterations.  A likely mechanism is strain modification of a pre-tilting high 
temperature CRM. Analysis of calcite deformation twinning shows evidence for burial 
temperatures at or above 200°C as well as moderate to high deviatoric strain (3.6%-
8.7%).  This high strain may have resulted in passive rotation of magnetic vectors (e.g., 
Kligfield et al., 1983; Hirt et al., 1986; Kodama, 1988), minor rigid body rotation of 
individual magnetic grains due to layer parallel shear (e.g., Van der Pluijm, 1987; 
Kodama, 1988) or calcite twin deformation (e.g., Evans et al., 2006).  The higher burial 
temperatures at Mt. Kidd resulted in vastly different deformation mechanism during 
folding compared with Line Creek (Figures 3 & 4).  At Line Creek the upper section of 
the Mississippian units (Mount Head–Etherington formations) were sampled and the 
folding was controlled by brittle deformation with the steepening and thinning of the 
front limb accommodated by fracturing and minor faulting.  At Mt. Kidd, however, the 





Notes:  Notes: N is the number of sites used in the analysis after modification of the 
data set; D is declination; I is inclination; k is a statistical measure of grouping, α95 is 
the 95% cone of confidence. Percent untilting and confidence interval for the optimal 
clustering (OC) tilt tests(Watson and Enkin, 1993),   direction-correction (DC) tilt test 
[Enkin, 2003] and  SCI analysis (Waldhöer and Appel, 2006); The pole represents the 
inferred location at during acquisition; dp/dm is the semi minor and semi major axis, 





the steepening is accommodated by ductile deformation with thinning in the limb and 
thickening into the hinge of the syncline. The layer parallel shear, which lead to ductile 
thinning may have caused a subtle modification of the remanence vectors via one or 
more of the mechanisms described above, although spurious rotation of paleomagnetic 
vectors cannot be discounted as a source of this modification.  This strain alteration may 
have created the early syn-tilting result but only slightly altered the paleopoles.  
The possibility that the high temperature CRM was actually acquired during 
folding is unlikely for multiple reasons.  First it is unlikely that the syn-tilting result is 
due to the formation of a PRM (e.g., Hudson et al., 1989; Borradaile, 1997), since 
PRMs are considered to predominantly affect only the coarse multi domain (MD) grains 
and the magnetization in these grains were removed by liquid nitrogen treatment prior 
to stepwise thermal demagnetization.  The possibility that a regional fluid migration 
event affected the Mt. Kidd syncline and created an  Early Cretaceous (~Aptian)  early 
syn-tilting paleopole is unlikely since the major thrust movements responsible for the 
folding do not occur until ~89 Ma (Price, 1994). On the other hand, Moffat and Spang 
(1984) found field evidence of minor folding prior to major thrust motion in folds 
within the Rundle and Sulphur Mountain thrust, north of the Mt. Kidd syncline near 
Canmore, AB although they did not speculate on the timing of this minor folding.  
Folding prior to thrusting Mt. Kidd syncline cannot be ruled out at this time and 
requires more detailed field study in order to resolve the issue. 
8.1.4 Mt. Kidd anticline 
 The untilting percentage determined from SCI analysis indicate a pre-tilting 




tilt tests, although as with the Line Creek anticline the SCI results contain large errors 
(Tables 1 and 2). A major discrepancy exists between the paleopoles obtained from 
conventional tilt tests and SCI analysis.  The results of the OC tilt test generate a 
paleopole which plots ~25° east of the Early Cretaceous portion of the APWP (Table 1; 
Figure 10) while the results of the SCI analysis generate a paleopole which plots more 
than 80° off of the APWP (Table 2). Equal area projections of the remanence small 
circles show that there are three sites on the west dipping back limb which strongly 
influence the location of the greatest concentration of intersections, resulting in a 
declination of 65.6° and inclination of 66.5° (Figure 8B; Table 2) as opposed to 327.7°, 
80.0° obtained from the tilt tests (Table 1).   When the data set is modified by removing 
these sites the result is still pre-tilting (Table 4), although now the mean direction and 
resultant paleopole from the SCI analysis coincides with the OC tilt test results (Table 
4).  These three sites are apparently spurious, perhaps because of rotations. 
 These pretilting paleopoles plot at significantly different positions than the pre-
tilting Line Creek pole (~ 25° east of the APWP; Figure 10) which is considered to 
represent the actual timing of acquisition of the high temperature CRM. Since the high 
temperature CRM is considered to have been formed during a single regional 
remagnetization (Chapter 2) these pre-tilting poles should coincide.  The fact that they 
do not coincide even after removal of multiple sites which appear to contain structural 
complications, suggests that the Mt. Kidd anticline may not represent a continuous 
anticline as originally thought. The Mt. Kidd anticline is quite expansive and most of 
the structure was inaccessible due to rugged terrain, with sampling of the back limb 




Rundle and Sulphur Mountain Thrusts (Moffat and Spang, 1984) which contain the Mt. 
Kidd anticline. It is likely that an unmapped imbrications occur within the inaccessible 
area resulting in multiple structures, which are not suitable for either conventional tilt 
tests or SCI analysis.  This highlights the need to have strong structural controls on 
large scale structures used for paleomagnetic analysis, since any attempt to consider 
multiple structures as a single structure would result in biased and subsequently invalid 
untilting percentages and age determinations.  
8.2 Folding affects on the intermediate temperature CRM 
At Line Creek the syn-tilting intermediate temperature CRM appears to be older 
than the pre-tilting high temperature CRM based on the paleopole positions (Figure 10).  
Since there are no structural complications affecting the Line Creek anticline, another 
mechanism is needed to explain this discrepancy.  One possibility is directly related to 
the remagnetization mechanism.  In Chapter 2 the intermediate temperature CRM was 
concluded to have formed during TSR of hydrocarbons resulting in the formation of 
pyrrhotite. Since TSR is considered to occur very rapidly geologically, over very 
narrow stratigraphic intervals, it is possible that either secular variation was not 
averaged out or that sampling across the entire expanse of the Line Creek anticline 
uncovered multiple TSR events.  At the Mt. Kidd syncline sampling was confined to a 
relatively narrow stratigraphic interval which was more likely to have sampled only one 
TSR event. The fact that the intermediate temperature CRM at the syncline was 
acquired post-folding, without any subsequent overall tilts, would suggest that there is 




both methods plot off of the path near the North Pole.  One likely cause of this 
discrepancy is that secular variation was not averaged out.  
8.3 Conventional tilt tests vs. SCI Analysis 
 The results of this study have shown that integration of conventional tilt tests 
and SCI analysis can provide valuable information regarding the timing of 
remagnetization relative to folding. The main drawback with the conventional tilt tests 
is that by simple rotation of remanence vectors around strike many structural 
complications are not recognized.  This does not pose any problems when there are no 
structural complications affecting the data set as with the Line Creek anticline as long as 
areas containing obvious structural complications (i.e., duplexing and back thrusting) 
were avoided during sampling.  This highlights the need for a certain amount of 
structural coherency within a particular data set.   In the case of the Mt. Kidd syncline, 
multiple structural complications exist and conventional tilt tests are not appropriate by 
themselves.  SCI analysis on the other hand offers insight into the pathways that 
remanence vectors move during tilt correction via small circles. This allows for visual 
determination of which sites may contain structural complications such as minor out of 
plane bedding rotations.  Without SCI analysis it would not have been possible to 
identify which sites on the east dipping limb of the Mt. Kidd syncline were altering the 
results. The main drawback with SCI analysis is due to the large errors produced, which 
can make interpretation of untilting percentages difficult. This is especially the case 
when the mean dip of both limbs is low compared to the standard deviation of the 




This issue can be reconciled when SCI analysis is integrated with conventional 
tilt tests.  It appears that when both the untilting percentages of the conventional tilt 
tests and SCI analysis are in good agreement, as in the case of the unmodified Line 
Creek anticline data set and the modified Mt. Kidd syncline data set, then the results of 
the conventional tilt tests can be considered valid.  For this assumption to work detailed 
structural knowledge of the complete structure is required as highlighted by the Mt. 
Kidd anticline and certain areas within the Line Creek anticline.  The Mt. Kidd anticline 
showed good agreement between the pre-tilting results from both methods, however, 
the paleopoles from this data set did not coincide with the pre-tilting pole from Line 
Creek.  This discrepancy was probably due to a lack of structural data, such as 
knowledge of imbricate thrusts between the front and back limb, which led to the 
assumption that the anticline represented a continuous structure when in reality it did 
not.  
8.4 Effect of structural complications on regional studies 
 One of the fundamental observations of this study is that subtle structural 
complications can have a profound effect on a particular paleomagnetic data set, even 
within a well defined structure. These structural complications can alter untilting 
percentages as well as resultant paleopoles.  This may be amplified in studies of 
individual structures lacking detailed structural data, as with the Mt. Kidd anticline or in 
regional studies which combine paleomagnetic results from multiple structures (e.g. 
Enkin et al., 2000). An important paleomagnetic study in the Canadian Cordillera was a 
regional investigation where samples were collected from multiple across strike 




This study reported early syn-tilting to pre-tilting results and had paleopoles which 
showed a wide range in ages around the Tertiary-Late Jurassic sections of the APWP.  
The discrepenciy in ages were determined to simply relate to vertical axis rotations in 
the thrust sheets (Enkin et al., 2000).  The majority of the other paleomagnetic studies in 
the Canadian Cordillera were conducted on drill cores from hydrocarbon reservoirs 
which sampled only one limb of complex structures and no tilt tests were performed  
(e.g., Lewchuk et al., 1998; Cioppa et al., 2000).  These studies also had paleopoles 
which were quite variable.  It is likely that the poles were contaminated by one or more 
structural complications such as plunging fold axis’s, small out of plane bedding 
rotations, strain alterations and/or spurious rotations.  If detailed sampling had been 
conducted on individual structures as in this study it may have been possible to 
recognize many of these subtle structural complications. This would have allowed for 
the modification of these data sets which may have generated more refined and accurate 
paleomagnetic poles. Although regional studies as well as studies of subsurface units 
provide valuable information about the nature and extent of remagnetizations in fold 
and thrust belts a lack of structural knowledge complicates accurate age determination.  
The only way to accurately date remagnetizations in complex structures is to conduct 
detailed studies on individual folds which allow for a strong control on the deformation 
mechanisms and kinematic history, in order to avoid or recognize subtle structural 
complications.   
9. Conclusions 
 Based on the results of a combined SCI and calcite twin strain analysis this 




on a particular paleomagnetic data set.   These variations are influenced by both the 
kinematic history as well as the predominate deformation mechanism and three primary 
conclusions can be reached. 
1) Subtle structural variation are generally not observable using conventional tilt 
tests alone while SCI analysis can be quite sensitive to these subtle variations 
and has been shown in this study to be a powerful tool when investigating 
remagnetizations in fold and thrust belts. Combining SCI and conventional tilt 
test analysis allowed the refinement of the age and confirmation of the syn-
tilting nature of the remagnetization at the Mt. Kidd syncline.  This was 
accomplished by highlighting and allowing for the modification of the data set 
by removing the sites that were subjected to structural complications, which 
strongly influenced the tilt test and SCI results.  SCI analysis also showed no 
subsequent overall tilts at Mt. Kidd providing important kinematic information 
about the origin of the plunging fold axis, which can now be related to an 
interaction of a both a frontal and oblique ramp as opposed to later tilting event 
perpendicular to the fold axis.  
2) In terms of the origin of the early syn-tilting remagnetization for the high 
temperature CRM at the Mt. Kidd Syncline, modified SCI and tilt test analysis 
has shown the magnetization was acquired around (~120Ma), which is much 
older than the motion of the major underlying thrust sheets.  This suggests that 
the remagnetization is unlikely a “true” syn-tilting remagnetization and that 
some form of structural or strain modification has generated the syn-tilting 




of both a frontal and oblique ramp there is a possibility that the syn-tilting 
remagnetization is the result of spurious rotation of the remanence vectors.  The 
Mt. Kidd syncline has also been subjected to relatively high ductile strain as 
shown by calcite twin strain analysis and  macroscopic observation of ductile 
thinning in the east dipping limb of the structure, which may have led to strain 
modification of a pre-tilting remagnetization.   
3) Finally this study has also shown that certain structural criteria exist to 
predetermine what type of structure is the most suitable for paleomagnetic 
analysis in fold and thrust belts.  The Line Creek anticline appears to be an ideal 
fold.  This structure is an upright fold which formed by transport of the hanging 
wall over a simple frontal ramp removing the complication of spurious rotations 
due to complex ramp interactions.  The structure also contains planer limbs 
formed via kink folding which is idea for application of conventional tilt tests 
which apply ridged body rotation of the limb segments.  Finally the Line Creek 
anticline has been subjected to only low strain during moderate burial and the 
dominate deformation mechanism is brittle faulting and fracturing, which 
removes complications of strain alteration due to ductile deformation and 
allowing for a confident age determination.  
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Chapter 5:  Discussion and Major Conclusion 
5.1 Cumulative model for the origin and timing relative to folding of the multi-
component remagnetization.  
5.1.1 Origin of the multi-component remagnetization event 
Since deposition these Mississippian carbonates have undergone multiple 
diagenetic and tectonic events, which have had a profound effect on the units and have 
helped promote the acquisition of the observed multi-component remagnetization.  
Based on burial time-unblocking temperature diagrams (Dunlop et al., 2000) and 
detailed rock magnetic characterization, the high temperature component is has been 
determined to be a chemical remanent magnetization (CRM) residing in magnetite and 
the intermediate temperature component is CRM residing in pyrrhotite.  Based on 
paleomagnetic field tests and paleopoles the magnetite component is Early Cretaceous 
in age and the pyrrhotite component is Tertiary in age.   
  The obduction of exotic terranes onto the North American pericratonic terranes 
began in the Late Triassic and continued into the Eocene which initiated shortening and 
thickening in the Omineca Belt west of the Foreland belt [Evenchick et al., 2007 and 
references there in].  This led to significant uplift in the Omineca Belt by the Late 
Middle Jurassic and the first appearance of western derived sediments.  Tectonic 
loading and erosion of the Omineca highlands increased subsidence and burial in the 
foreland belt [Poulton et al., 1993], which led to hydrocarbon generation and 
subsequent migration within the Carboniferous and lower Triassic rocks during the Late 
Jurassic-Early Cretaceous [Kalkreuth and McMechan, 1988].  Initiation of thrusting in 
the western most portion of the foreland belt began in the Early Cretaceous and 




A regional fluid migration event, possibly related to maturation of organic 
matter and hydrocarbon migration, progressed eastward through the undeformed strata 
via one or more mechanisms: 1) gravitational recharge (Ge and Garvin, 1994) from the 
Omencia Highlands, 2) tectonically induced squeegee type flow in the direct vicinity of 
the active deformation front (Oliver, 1986; Machel and Cavell, 1999) or 3) basinward 
up dip migration towards the Western Canada Sedimentary Basin (Bachu, 1995). 
Pervasive meso-dolomite recrystallization is considered to have formed from both 
meteoric and hydrothermal fluids during burial [Al-Aasm, 2000], however, these fluids 
are not considered to have caused acquisition of the magnetite component since it has 
been found in both dolostones and limestones. Regional dolomitization was followed by 
another fluid migration event which led to the formation of the Early Cretaceous 
Aptian), pre-tilting pervasive remagnetization in magnetite within the Mississippian 
carbonates in the eastern Front Ranges. There is a direct relationship between the 
magnetite component and calcite in red luminescent, bedding parallel veins.  This fluid 
event was pervasive throughout the Mississippian units examined as shown by red 
luminescent calcite cement.   
This fluid migration event and hydrocarbon emplacement was followed by  
intense contraction in the Front Ranges during the Late Cretaceous-to Eocene, during 
which the major motions along the Lewis, Rundle and McConnell thrust sheets 
occurred [Price, 1981; van der Pluijm et al., 2006].  This contraction was expressed as 
thin-skinned detachment thrusting and folding of Mesoproterozoic to Cretaceous strata 
over Cretaceous and older strata [e.g. Monger and Price, 1979; McMechan and 




folding warm dolomitizing sulphate rich fluids moved upward along faults and 
fractures, and came into contact with the hydrocarbons.  This led to the formation of 
extensive sour gas reservoirs throughout the Canadian Cordillera via thermo sulphate 
reduction (TSR) of the hydrocarbons, [Machel, 1987; Machel et al., 1995; Roure et al., 
2005; Vandeginste et al., 2009].  During TSR the alteration of the hydrocarbons led to 
the formation of coarse vein and vug filling dolomite, barite, sulphur enriched organics 
and sulphide mineralization (e.g., Machel et al., 1995; Pierce, et al., 1998). The 
Mississippian carbonates contain multiple TSR byproducts as well as the pervasive 
Tertiary, reversed polarity pyrrhotite component within the eastern Front Ranges.  
Based on a vein test, the pyrrhotite component shows a direct relationship to red 
luminescent dolomite in tectonic veins and vugs.  
5.1.2  Origin of syn-tilting remagnetizations in the Canadian Cordillera 
 Syn-tilting remagnetizations have commonly been observed throughout the 
Canadian Cordillera and show a wide range of paleopoles [e.g., Enkin et al., 2000].  The 
origin of these syn-tilting remagnetizations can be related to both the kinematic history, 
the predominate deformation mechanisms associated with folding and thrusting, and the 
actual remagnetization mechanism.  Since the intense contraction along the Lewis, 
Rundle and McConnell thrust sheets within the Front Ranges occurred during the Late 
Cretaceous-to Eocene [Price, 1981; van der Pluijm et al., 2006], any true syn-tilting 
remagnetizations should occur within this time span.  Tilt test and SCI analysis for the 
magnetite component at the Mt. Kidd syncline shows an early syn-tilting result which 
has paleopoles that fall close to the Early Cretaceous (Barremian-Aptian) portion of the 




major motion on the trusts in which the structure is located.  This is in direct contrast to 
an Early Cretaceous (Aptian) pre-tilting result obtained from the Line Creek anticline, 
also contained within the Lewis thrust sheet.  This suggests that the syn-tilting nature of 
the Mt. Kidd syncline may be related to structural complications or strain alteration, 
although a non-unique solution due to differential folding may also be a factor.   
At the Mt. Kidd syncline the lower section of the Mississippian carbonates 
(Banff to Lower Mount Head formations) were sampled. The plunging (~15°) tight 
asymmetrical syncline underwent significant layer parallel shear resulting in  ductile 
thinning in the front limb and thickening in the nose.  In contrast, the pre-tilting Line 
Creek anticline is an upright fold formed in the upper section of the Mississippian 
carbonates (upper Mount Head and Etherington formations)  and formed as a result of 
kink folding and brittle faulting/fracturing during thrusting.  The syn-tilting Mt. Kidd 
syncline experienced high deviatoric strain resulting in as high as 8.6% total distortion 
by twinning at burial temperatures which exceed 200°C.  The pre-tilting Line Creek 
anticline, on the other hand, formed under low burial temperatures (~170°C) and low 
deviatoric strain (0.27-0.84%).  The low strain and upright nature of the Line Creek 
anticline removes the possibility of unforeseen structural complication and makes the 
structure an good candidate for structural analysis. These results are consistent with 
strain alteration of a pre-tilting remagnetization at the Mt. Kidd syncline either by whole 
grain distortion during twinning (Evans et al., 2003) or rigid body rotation of magnetic 
grains due to layer parallel shear (van der Pluijm, 1987). 
Another possibility for the syn-tilting result is related to structural complications 




2006) or spurious rotations of paleomagnetic vectors due to complex ramp geometries 
(Pueyo et al., 2003).  Small circle intersection (SCI) analysis has shown that the plunge 
in the Mt. Kidd syncline was not the result of an overall tilt perpendicular to the fold 
axis.  The presence of multiple transverse faults in the Rundle thrust sheet in the vicinity 
of Mt. Kidd suggests the existence of a complex ramp geometry so spurious rotation of 
paleomagnetic vectors cannot be completely discounted.     
In terms of the pyrrhotite component at Line Creek the syn-tilting result appears 
to be Late Jurassic making it older than the pre-tilting magnetite component.   Since the 
Line Creek anticline does not contain any un foreseen structural complications the syn-
tilting nature most likely relates to either differential folding or multiple 
remagnetization events. The water gap at the Line Creek anticline is roughly 
perpendicular to strike and creates a almost continuous outcrop of the entire structure.  
Because of this sampling covered an extensive stratigraphic section at Line Creek.  
TSR, which is considered to be the remagnetization mechanism for the pyrrhotite 
component, can occur rapidly over a small stratigraphic section. It is possible, therefore,  
that the multiple TSR events were sampled which resulted in a “false” syn-tilting result.   
5.2 Summary of major conclusions 
1) Based on a combination of paleomagnetic and rock magnetic experiments, it is 
clear that the remagnetized Mississippian carbonates from the Canadian Rockies 
contain a complex and at times highly variable mixture of magnetic 
mineralogies and grain sizes. The results of this study suggest that determination 




experiments combined with thermal demagnetization and advanced rock 
magnetic techniques such as FORC analysis and Log Gaussian analysis. 
2) Based on a combination of thermal demagnetization, cumulative Log Gaussian 
analysis and low temperature experiments, these samples contain up to three 
distinct components: 1) a modern VRM unblocks below 200°C and resides in 
MD magnetite 2) an intermediate temperature component unblocks between 310 
and 325°C that was determined to be a CRM in SD pyrrhotite 3) a high 
temperature component with a maximum unblocking temperature of 540°C, 
which was determined to be a CRM in PSD-SD magnetite.  
3) Based on elevated Sr-isotopes in the host dolomites and limestones in the 
Mississippian carbonates and positive correlations between bedding parallel 
veins and the magnetite component, the most probable origin of the 
remagnetization is a regional fluid flow event related to the initiation of 
thrusting and folding in the Main Ranges of the foreland belt prior to the onset 
of Laramide deformation in the Front Ranges.  
4) The origin of the pyrrhotite component observed in the Mississippian carbonates 
is consistent with warm Fe rich fluids migrating along faults and fractures 
causing TSR of hydrocarbons, which led to the formation of sour gas reservoirs.  
This model is based on the petrographic observation of multiple common by-
products of TSR which include: authogenic pyrite, frambodial pyrrhotite, 
spalerite, sulfur enriched bitumen and zoned dolomite crystals with elevated 




remagnetization is unclear due to the general nature of TSR.  At Mt. Kidd the 
pyrrhotite component is post-tilting and appears to be Late Tertiary in age.    
5) Subtle structural variations are generally not observable using conventional tilt 
tests alone while SCI analysis can be quite sensitive to the subtle variations, 
however, in this study SCI analysis was shown to be a useful tool when 
investigating remagnetizations in fold and thrust belts. In terms of the origin of 
the early syn-tilting remagnetization for the high temperature CRM at the Mt. 
Kidd Syncline, modified SCI and tilt test analysis has shown that the 
magnetization was acquired around (~120Ma), which is much older than the 
motion of the major underlying thrust sheets. This suggests that the 
remagnetization is unlikely a “true” syn-tilting remagnetization and that some 
form of structural or strain modification has generated the syn-tilting result. 
Since the plunging structure formed due to the interaction of both a frontal and 
oblique ramp, there is a possibility that the syn-tilting remagnetization is the 
result of spurious rotation of the remanence vectors.  The Mt. Kidd syncline has 
also been subjected to relatively high ductile strain as shown by calcite twin 
strain analysis and  macroscopic observation of ductile thinning in the east 
dipping limb of the structure, which may have led to strain modification of a 
pre-tilting remagnetization.   
6) Finally, this study has also shown that certain structural criteria exist to 
predetermine what type of structure is the most suitable for paleomagnetic 
analysis in fold and thrust belts.  The Line Creek anticline appears to be an ideal 




wall over a simple frontal ramp removing the complication of spurious rotations 
due to complex ramp interactions.  The structure also contains planer limbs 
formed via kink folding, which is ideal for application of conventional tilt tests 
that apply ridged body rotation of the limb segments.  Finally, the Line Creek 
anticline has been subjected to only low strain during moderate burial and the 
dominate deformation mechanism is brittle faulting and fracturing, which 
removes complications of strain alteration due to ductile deformation and 
allowing for a confident age determination.  
 
